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PREFACE 

This  report  was  prepared  by  North  Dakota  State  University,  1301  12*  Avenue,  Fargo, 
ND  58105,  AFRL  Contract  F08637-98-C-6003,  for  the  Air  Force  Research  Laboratory,  Air 
Expeditionary  Forces  Technologies  Division  (AFRL/MLQ),  139  Barnes  Drive,  Suite  2,  Tyndall 
Air  Force  Base,  Florida  32403-5323. 

This  final  report  describes  research  conducted  on  laser  ionization  detection  and 
photoemissive  ion  mobility  spectrometry  of  trace  molecules  in  ambient  pressure  air.  The  research 
was  conducted  in  the  Physics  Department  at  North  Dakota  State  University.  The  following 
graduate  and  undergraduate  students  were  involved  in  various  aspects  of  the  research: 
Christopher  Walls,  Maxwell  Lucci,  Feng  Hong,  Joseph  Carriere,  Matthew  Hillman,  Christopher 
Raabe,  A1  Meidinger,  Ben  Meier,  and  Paul  Seifert. 

The  author  wishes  to  acknowledge  scientific  advice  and  assistance  by  Dr.  Greg  Gillispie 
on  many  aspects  of  the  research  and  technical  assistance  from  Harlan  Isensee. 

The  work  was  performed  between  February  1998  and  August  2001.  The  AFRL/MLQ 
project  manager  was  Mr.  Bruce  J.  Nielsen. 
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EXECUTIVE  SUMMARY 


A.  OBJECTIVE 

The  purpose  of  this  research  effort  was  to  develop  and  demonstrate  capabilities  for  trace  detection 
of  analyte  molecules  in  ambient  pressure  air.  The  principle  goals  were  fourfold: 

Laser  ionization  detection  (LID)  temporal  waveform  study. 

Expanding  the  number  of  molecules  in  the  LID  spectral  database. 

Combined  laser  ionization-ion  mobility  spectrometry  (LI-IMS)  for  deconvolution  of 
mixtures. 

Photoemissive  ion  mobility  spectrometry  (PE-IMS)  development. 

B.  BACKGROUND 

Laser  ionization  and  electron  capture  have  been  demonstrated  to  be  effective  methods  of 
selectively  ionizing  neutral  molecules.  Once  ionized,  these  ions  can  be  very  efficiently  detected 
electronically.  A  common  drawback  for  most  analytical  techniques  is  that  they  cannot  be  performed  in 
ambient  pressure  air  and  require  delicate  instrumentation  that  makes  field  detection  cumbersome.  Our 
laser  ionization  detection  and  photoemissive  ion  mobility  spectrometry  approaches  provide  selective, 
sensitive  detection  of  trace  hazardous  analytes  under  ambient  field  conditions. 

C.  SCOPE 

This  report  presents  results  of  four  independent  but  linked  studies  on  the  detection  of  trace 
analytes  in  ambient  air  via  ionization  and  subsequent  electronic  detection.  The  first  study  included 
extensive  measurements  of  the  sub-nanoamp  currents  induced  in  an  external  detection  circuit  by  drifting 
ions  with  parallel  plate,  cylindrical  and  half-cylindrical  electrode  configurations.  The  drifting  ion 
distributions  and  consequent  induced  currents  were  numerically  modeled  for  the  parallel-plate  and 
cylindrical  configurations. 

The  second  study  was  to  extend  the  spectral  data  base  of  gas  phase  species  that  could  be  detected 
by  ambient  air  LID.  The  focus  was  on  a  high  resolution  study  of  trace  levels  of  indene  in  ambient  air. 

The  third  study  combined  LI  with  a  simple  ion  mobility  drift  tube.  Results  were  limited  due  to 
problems  with  the  tunable  second  harmonic  dye  laser  and  the  limitations  of  the  drift  tube. 

The  fourth  study  on  photoemissive  ion  mobility  spectrometry  included  generation  of  free 
electrons  by  ultraviolet  illumination  of  a  thin  gold  film  on  a  fused  silica  window  and  detection  of  Cl" 
anions  created  by  the  dissociative  electron  attachment  by  chlorinated  molecules.  This  effort  was  in 
conjunction  with  a  complementary  Strategic  Environmental  Research  and  Development  Program 
(SERDP)  subcontract  SC-98C6009  to  Dakota  Technologies,  Inc. 

D.  METHODOLOGY 

The  measurements  were  all  made  in  the  laboratory  using  trace  mixtures  generated  by  injecting 
head  space  of  the  analytes  into  a  volume  of  ambient  pressure  air  or  carrier  gas. 

E.  RESULTS 

Within  experimental  error,  the  parallel  plate  and  cylindrical  configurations  provide  equivalent 
detectivity.  The  cylindrical  approach  has  the  advantage  of  providing  an  induced  current  peak  for  the  ion 
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of  interest  while  the  oppositely  charged  ion  waveform  can  be  shaped  as  a  nearly  flat  baseline.  The 
photoelectric  effect  can  be  significantly  reduced  in  the  cylindrical  or  semi-cylindrical  case  by  passing  the 
ionizing  laser  beam  next  to  the  negatively  charged  outer  cylinder.  The  surface  area  of  the  positive 
electrode,  that  emits  photoelectrons  due  to  absorbed  scattered  light,  is  minimized  by  reducing  the 
diameter  of  the  collecting  wire.  These  results  led  to  the  development  of  a  novel  hemispherical  cell 
geometry  that  was  thoroughly  characterized. 

Laser  ionization  spectral  results  were  obtained  for  indole  and  indene  with  the  emphasis  on  indene. 
The  1+1  and  2+2  resonance  enhanced  multiphoton  ionization  (REMPI)  spectra  of  gas  phase  indene  near 
the  origin  of  the  first  electronic  transition  at  287.9  nm  are  reported  in  ambient  air.  The  spectra  were 
acquired  to  help  assess  options  for  on-  and  off-resonance  REMPI,  similar  in  concept  to  differential 
absorbance  LIDAR  (DIAL)  and  differential  optical  absorbance  spectroscopy  (DOAS).  The  1+1  REMPI 
spectrum  for  indene  at  50  ppbv  concentration  in  air  compares  well  with  published  high  resolution 
absorbance  spectra  obtained  for  much  longer  pathlength  and  higher  sample  concentration.  Extensive 
sequence  band  structure  is  observed  near  the  origin.  The  rotational  contours  of  the  origin  and  sequence 
bands  consist  of  a  narrow,  nearly  symmetric  feature  accompanied  by  a  lower  intensity  broad  sideband 
shading  to  the  red. 

Analytical  calibration  curves  to  determine  a  limit  of  detection  (LOD)  were  not  attempted  for 
indene,  but  the  LOD  is  obviously  very  low,  probably  in  the  very  low  parts-per-trillion.  The  1+1  REMPI 
spectra  shown  were  acquired  for  an  indene  concentration  of  50  ppbv  in  air.  After  the  laser  power  was 
reduced  to  the  point  that  the  REMPI  signal  was  more  than  1000  times  smaller,  the  signal-to-noise  ratio  is 
still  at  least  25:1.  Presumably,  a  1000-fold  reduction  in  concentration  to  50  ppt  while  maintaining  full 
laser  power  would  have  the  same  effect  on  the  signal  amplitude  and  signal-to-noise  as  the  laser  power 
reduction.  An  accurate  measurement  of  the  LOD  requires  careful  procedures  to  reliably  prepare  such  low 
concentration  samples.  Moreover,  our  interest  lies  more  in  the  LOD  for  a  real-world  sample,  that  could 
have  other  LID-active  species  in  the  same  wavelength  region.  Indene  was  detected  in  the  headspace  over 
the  multicomponent  mixtures  of  coal  tar  and  creosote. 

Two-dimensional  laser  ionization  data  were  obtained  for  a  number  of  aromatic  molecules 
demonstrating  the  efficacy  of  laser  ionization-ion  mobility  spectrometry.  Analytes  can  be  clearly 
distinguished  by  contour  plots  of  the  laser  ionization  wavelength  versus  the  ion  drift  times.  The  study  was 
limited  because  the  drift  tube  did  not  have  a  counter-flowing  carrier  gas  or  the  ability  to  heat  it  during 
data  acquisition. 

Photoemissively  generated  fi'ee  electrons  were  effectively  generated  and  used  to  detect  the  trace 
chlorocarbons  TCE  and  PCE  in  nitrogen.  Because  we  used  a  static  cell,  problems  arose  that  hindered  the 
resolution  of  chloride  ions  from  oxygen  anions  when  the  detection  was  attempted  in  air.  Instead  of  using 
separate,  flowing  drift  and  carrier  gases  that  would  prevent  dispersion  of  analyte  into  the  drift  region,  we 
introduced  analyte  and  permitted  it  to  diffuse  throughout  the  cell.  As  a  result,  the  ion-molecule  reaction 
chemistry  that  generates  chloride  ions  in  the  presence  of  oxygen  occurs  throughout  the  drift  region  and 
our  ion  mobility  spectra  contain  front-end  shoulders.  This  coupled  with  the  fact  that  oxygen  anion  and 
chloride  anion  drift  times  are  not  significantly  different  prevented  their  resolution  in  the  short,  2  cm  drift 
distance  used. 

F.  CONCLUSIONS 

A  numerical  model  was  developed  that  describes  the  behavior  of  laser-produced  ions  in  an 
applied  electric  field  and  the  subsequent  induced  current  flow  in  an  external  circuit  between  the  biased 
electrodes.  The  modeling  and  extensive  measurements  on  parallel-plate  and  cylindrical  electrodes  resulted 
in  a  novel  hemispherical  cell  geometry  in  which  the  cathode  is  a  wire  on  a  ceramic  base  (the  wire  may  be 
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positioned  in  a  small  depression  in  the  base  or  a  narrow  conducting  film  used)  and  the  anode  is  a  half¬ 
cylinder  of  conducting  material.  This  design  minimizes  noise  generated  by  scattered  ultraviolet  light, 
allows  a  very  small  detection  volume,  is  readily  flash  heated  to  eliminate  memory  effects,  provides  a  peak 
in  the  induced  current  that  makes  it  easier  to  extract  temporal  data,  and  is  easily  manufactured. 

The  spectral  study  was  part  of  a  long-term  project  to  examine  the  suitability  of  LID  for  real-time 
analysis  of  aromatic  hydrocarbons  in  air.  We  demonstrated  that  very  narrow  features  can  be  seen  for 
molecules  as  large  as  indene  even  at  room  temperature  under  ambient  pressure  conditions.  The 
narrowness  of  these  features  means  that  on-and  off-resonance  measurements  to  separate  out  background 
REMPI  signals  are  very  feasible.  Detection  of  indene  in  the  headspace  of  coal  tar  was  also  demonstrated. 
Data  have  also  been  acquired  for  indole  and  for  phenanthrene  at  its  room  temperature  vapor  pressure  (ca. 
200  ppbv).  While  these  have  broader  features  than  indene,  combined  with  IMS  the  wavelength  features 
can  positively  identify  these  molecules  as  well. 

The  combined  LI-MS  was  demonstrated  as  an  effective  approach  for  speciation  in  ambient 
pressure  air.  The  drift  tube  needs  to  have  a  counterflowing  carrier  gas,  either  nitrogen  or  dry  air,  to 
prevent  reactions  and  water  clustering  in  the  drift  region.  The  device  must  also  be  heatable  during 
operation. 

This  work  has  demonstrated  real-time  detection  of  chlorinated  aliphatic  compounds  using  a 
photoemissive-ionization  ion  mobility  detector.  Detection  in  ambient  air  was  hindered  because  oxygen 
anion  and  chloride  ion  mobilities  are  too  similar  to  distinguish  with  our  low-resolution  instrument.^ 
However,  improvements  to  the  design  such  as  incorporation  of  a  drift  tube  and  counter-flowing  drift  gas 
or  addition  of  oxygen  discriminating  devices  would  permit  very  sensitive  detection  of  these  compounds  in 
air.  Although  we  have  only  detailed  the  detection  of  chlorinated  solvents,  the  PE-MS  is  applicable  to  the 
detection  of  a  wide  variety  of  electron-attaching  vapors.  Among  these  are  the  nitro-containing  explosives, 
many  pesticides,  and  several  lachrymators. 

G.  RECOMMENDATIONS 

The  very  successful  numerical  modeling  of  the  ion  drift  should  be  extended  to  include  space 
charge  effects.  This  will  allow  experimental  data  to  be  curve  fit  using  an  optimization  routine  to 
determine  effective  parameters  such  as  the  ion  mobilities  and  drift  coefficients.  These  parameters  in  turn 
will  identify  the  drifting  ions.  Chemometric  techniques  also  need  to  be  developed  to  combine  the 
waveform  temporal  data  with  wavelength  data  to  provide  two-dimensional  speciation  of  mixtures. 

Highly  sensitive  LID  detection  of  trace  levels  of  indene  at  ppbv  levels  in  ambient  air  has  been 
demonstrated.  The  technology  should  be  commercialized  for  the  detection  of  indene  in  the  headspace 
over  multicomponent  mixtures  such  as  coal  tar,  creosote,  etc.  The  commercial  instrumentation  presently 
exists  for  this  application  with  a  change  of  ionization  laser  wavelength  (Dakota  Technolgies,  Inc.,  Fargo, 
ND).  The  LID  spectral  data-base  needs  to  be  completed  for  the  rest  of  the  EPA  priority  PAH  pollutants. 

The  application  of  the  PE-MS  for  chlorinated  species  in  air  is  limited  by  the  interference  of 
oxygen  anions  in  the  drift  spectra.  However,  since  nitroaromatic  molecules  are  not  expected  to  dissociate 
upon  electron  attachment,  the  oxygen  interference  for  detecting  explosives  should  be  avoidable  by 
designing  a  counter-flowing  air  or  nitrogen  drift  tube  similar  to  those  used  in  a  commercial  IMS.  Ion 
mobility  spectrometry  is  presently  the  industry  standard  for  field  measurements  of  nitroaromatic 
explosives.  The  efficient  detection  of  the  nitroaromatic  p-nitrotoluene  by  PE  electron  capture  has  been 
demonstrated  in  nitrogen  and  P-5  gas  in  our  laboratory.  The  application  of  PE-MS  combined  with  laser 
desorption  to  the  detection  of  explosives  definitely  warrants  further  development. 
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Another  promising  application  of  the  PE-IMS  is  as  a  very  sensitive  fast  gas  chromatograph 
detector.  By  combining  a  PE-IMS  with  a  low  resolution  fast  GC,  real-time  analysis  with  high  sensitivity 
and  high  resolution  appears  possible  through  the  use  of  chemometrics  applied  to  the  two-dimensional 
data.  Separation  of  the  oxygen  by  the  fast  GC  would  eliminate  PE-IMS  interference  problems. 

The  literature  on  the  photoelectric  effect  suggests  that  the  photoemitter  can  be  made  significantly 
more  efficient.  Nearly  all  these  studies  were  made  in  ultrahigh  vacuum  to  avoid  the  effects  of  molecules 
adsorbed  on  the  emitting  surface.  Since  our  approach  requires  operating  at  ambient  pressure,  these  studies 
should  be  repeated  under  operational  conditions.  The  photoelectric  effect  literature  indicates  parametric 
studies  of  thin  film  thickness,  thin  film  material,  applied  bias,  and  ultraviolet  wavelength  and  polarization 
would  have  high  payoff.  The  potential  of  using  the  recently  available  diode  pumped  microlasers  as  the 
ultraviolet  source  for  photoemission  makes  the  PE-IMS  extremely  attractive. 
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SECTION  I  INTRODUCTION 


A.  OBJECTIVE 

The  objective  of  this  project  was  to  develop  and  demonstrate  capabilities  for  trace  detection  of 
analyte  molecules  in  ambient  pressure  air.  The  principle  goals  were  fourfold: 

Laser  ionization  detection  (LID)  temporal  waveform  study. 

Expanding  the  number  of  molecules  in  the  LID  spectral  database. 

Combined  laser  ionization-ion  mobility  spectrometry  (LI-IMS)  for  deconvolution  of 
mixtures. 

Photoemissive  ion  mobility  spectrometry  (PE-IMS)  development. 

B.  BACKGROUND 

Our  LID  and  PE-IMS  techniques  have  several  common  features: 

1.  Charged  species  are  generated  by  pulsed  photoprocesses  and  then  drawn  to  a  collector 
by  an  electric  field. 

2.  The  ions  are  collected  at  atmospheric  pressure  (and  generally  ambient)  conditions. 

3.  The  ion  drift  times  are  long  compared  to  the  time  scale  over  which  the  ions  are 
generated. 

4.  The  ion  drift  times  (or  equivalently,  the  ion  mobilities)  provide  a  means  of  chemical 
identification. 

Neither  the  LID  nor  the  PE-IMS  techniques  are  completely  new;  however,  our  approach  is 
notable  because  it  emphasizes  practical  applications  and  operation  under  realistic  field  conditions.  For 
example,  LID,  commonly  referred  to  as  resonance  enhanced  multiphoton  ionization  (REMPI), 
spectrometry  is  a  popular  laboratory  technique;  however,  most  of  theAvork  has  been  performed  with 
supersonically  cooled  samples.  The  mass  resolution  of  the  LID  generated  ions  can  be  achieved  with  time- 
of-flight  mass  spectrometry  (TOF-MS).  However,  supersonic  cooling  and  TOF-MS  require  high  vacuum 
conditions  making  them  incompatible  with  field  implementations.  It  is  interesting  to  note  the  common 
misconception  that  LID  ion  collection  requires  high  vacuum  conditions.  We  have  extensively 
demonstrated  effective  LID  measurements  for  a  considerable  range  of  different  carrier  gases  and 
pressures.  Ion  mobility  spectrometry  (IMS)  is  a  well-known  gas  phase  detection  method  (Eiceman, 

1994),  but  commercial  instruments  invariably  use  radioactive  sources  that  have  significant  deficiencies. 
Lubman  and  coworkers  (Lubman,  1983,  Kolaitis,  1986)  have  measured  and  tabulated  mobilities  of  ions 
generated  by  LI,  but  they  typically  used  fixed  wavelength  excitation  at  266  nm  and  therefore  did  not  take 
advantage  of  the  spectral  resolution.  We  are  the  first  to  introduce  a  tunable  laser  source  and  to  consider 
the  ion  mobility  aspects  in  the  specific  context  of  LID  ion  generation.  Schechter  (Schechter,  1992)  and 
Ogawa  (Ogawa,  1992)  have  discussed  the  temporal  waveforms  associated  with  collecting  LID-generated 
ions  at  parallel  plate  electrodes;  however,  we  have  much  more  clearly  demonstrated  the  ion  dynamics 
taking  place  that  will  provide  significantly  more  information.  The  PE-IMS  technique  (Begley,  1991)  was 
presented  in  the  literature  by  Simmonds  group,  but  no  follow-up  work  has  been  published.  No  data  were 
presented  for  the  two  most  obvious  applications,  detection  of  chlorinated  solvents  and  nitro-organics  (i.e., 
explosives).  This  research  has  resulted  in  three  masters  degree  theses,  that  are  attached,  as  well  as  a 
number  of  undergraduate  research  projects  whose  results  are  included  in  this  report.  A  background 
description  for  each  of  the  four  areas  is  included  in  its  respective  section. 

C.  SCOPE/APPROACH 

1 ,  LID  Temporal  Waveform  Study 

The  induced  current  resulting  from  drifting  LI  generated  ions  was  measured  for  three  electrode 
configurations:  parallel  plates,  cylindrical  and  half-cylindrical.  These  configurations  were  studied 
extensively  as  a  function  of  laser  beam  position  and  applied  bias.  Measurements  were  made  primarily  in 
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ambient  pressure  air  but  comparison  measurements  were  included  in  nitrogen,  argon  and  P5  gases.  The 
induced  current  was  also  numerically  modeled  for  the  parallel  plate  and  cylindrical  cases  permitting  a 
definitive  analysis  of  the  features  in  the  ion  current  waveforms.  The  numerical  modeling  was  the  basis  of 
an  NDSU  Physics  Department  Master’s  degree  thesis  that  is  included  as  attachment  A. 

2.  LID  Spectral  Database 

The  LID  spectrometry  was  limited  primarily  to  a  study  of  indene  in  ambient  pressure  air.  This 
study  comprises  an  NDSU  Chemistry  Department  Master’s  degree  thesis  that  is  included  as  attachment  B. 

3.  LI-IMS 

The  laser  ionization-ion  mobility  spectrometry  study  involved  acquisition  of  temporal  waveforms 
as  the  wavelength  of  the  ionizing  laser  was  scanned  in  a  simple  drift  tube  with  an  aperture  grid.  These 
data  are  then  plotted  as  two-dimensional  data  that  provide  signatures  of  the  detected  analyte.  This  study 
was  limited  by  not  having  a  cell  with  counter-flowing  nitrogen  to  prevent  reactions  in  the  drift  region  or 
heating  during  data  acquisition.  The  approach  was  clearly  demonstrated  but  requires  further  development. 

4.  PE-IMS 

The  photoemissive  ion  mobility  spectrometry  included  generation  of  free  electrons  by  ultraviolet 
illumination  of  a  thin  gold  film  on  a  fused  silica  window  and  detection  of  Cf  anions  created  by  the 
dissociative  attachment  by  chlorinated  molecules.  The  results  from  this  contract  are  presented  in  an 
NDSU  Chemistry  Department  Master’s  degree  thesis  that  is  included  as  attachment  C.  This  effort  was  in 
conjunction  with  a  complementary  Strategic  Environmental  Research  and  Development  Program 
(SERDP)  subcontract  SC-98C6(X)9  to  Dakota  Technologies,  Inc. 
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SECTION  II  LID  TEMPORAL  WAVEFORMS 


A.  BACKGROUND 

The  ambient  pressure  LID  temporal  waveform  phenomenon  can  be  interpreted  as  the  creation  of 
electron-positive  ion  pairs  that  drift  through  an  electric  field  as  they  collide  with  the  ambient  gas 
molecules.  When  a  molecule  reaches  its  ionization  continuum  by  photon  absorption,  it  liberates  an 
electron  and  leaves  behind  a  positive  molecular  ion.  In  our  experiments,  these  charged  species  are 
efficiently  collected  and  detected  at  biased  electrodes.  When  a  charged  particle  moves  between  the 
electrodes,  it  induces  changing  charges  on  the  electrode  surfaces  resulting  in  a  current  between  the 
electrodes  that  is  monitored.  The  cations  approaching  the  negative  electrode  and  the  anions  approaching 
the  positive  electrode  are  both  recorded  in  the  external  circuit  as  a  positive  current  flowing  from  the 
negative  electrode  to  the  positive  electrode.  A  parallel  plate  configuration  is  the  easiest  to  build  and 
interpret  because  the  electric  field  is  constant  between  the  plates.  This  configuration  was  used  for  most  of 
our  previous  work,  but  it  yields  waveforms  that  consist  of  ion  current  plateaus  as  seen  in  Figure  1. 
Additional  selectivity  is  available  from  ambient  pressure  LID  via  the  molecule  specific  ion  mobilities  by 
measuring  the  drift  time.  In  a  cylindrical  configuration  a  peak  in  the  current  as  a  function  of  time  is 
produced  as  observed  in  Figure  1 1.  The  shift  in  this  peak  due  to  differing  drift  times  for  different  species 
is  easier  to  determine  than  the  edge  of  the  parallel  plate  plateau.  Consequently,  we  undertook  this  study  to 
compare  the  efficacy  of  the  cylindrical  configuration  compared  to  the  proven  parallel  plate  configuration 
for  LID  detection.  The  properties  of  the  parallel  plate  detector  are  detailed  in  Section  B,  the  properties  of 
the  cylindrical  configuration  are  explored  in  Section  C  and  the  results  of  a  new  design,  the  half-cylinder, 
are  given  in  Section  D.  Numerical  modeling  of  both  the  parallel  and  cylindrical  geometries  is  presented  in 
Appendix  A. 


B.  PARALLEL  PLATE  WAVEFORMS 

Waveforms  were  acquired  using  a  LID  cell  configured  with  copper  parallel  plate  electrodes  2  cm 
in  diameter  separated  by  1  cm.  The  flow  system  was  purged  with  dry  compressed  air  and  5  |xL  of  styrene 
headspace  was  injected  into  the  5  L  flask  to  give  a  concentration  of  approximately  10  ppbv  in 
atmospheric  pressure  air.  The  rhodamine  dye  laser  was  tuned  to  the  styrene  resonance  at  287.5  nm  and  a 
variable  high  voltage  supply  was  used  to  bias  the  electrodes.  The  waveforms  were  acquired  with  a 
Tektronix  2440  digital  oscilloscope  and  downloaded  to  the  PC  through  the  GPIB.  The  LID  cell  was 
mounted  on  a  translation  stage  and  moved  with  a  micrometer  to  adjust  the  distance  of  the  parallel  laser 
beam  from  the  collector  electrode.  The  cell  was  moved  in  intervals  of  1  mm  between  the  electrodes  to 
acquire  the  waveforms  shown  in  Figure  1  taken  with  a  positive  bias  of  300  V  (300  V/cm  drift  field).  For 
the  first  waveform,  at  1  mm  from  the  collector,  the  positive  styrene  molecules  travel  only  1  mm  to  reach 
the  negative  (ground)  collector  while  the  anions  (electrons  captured  by  oxygen)  must  travel  9  mm  to  reach 
the  positive  repeller  electrode.  Consequently,  the  fast  peak  in  this  case  is  due  to  the  cations  and  the 
delayed  plateau  to  the  anions.  As  the  ionizing  laser  beam  is  moved  away  from  the  collector,  the  positive 
ions  travel  further  and  the  anions  less  until  the  distances  they  travel  are  reversed  corresponding  to  the  last 
waveform  shown  in  Figure  1.  In  this  case  the  fast  peak  corresponds  to  the  anions  and  the  delayed  plateau 
to  the  cations.  Because  the  anions  travel  faster  than  the  positive  ions,  the  waveforms  are  not  symmetric. 
When  the  laser  beam  is  in  the  center,  the  cations  and  anions  drift  the  same  distance  although  the  anions 
will  reach  their  electrode  a  little  sooner  because  of  their  higher  drift  velocity.  Even  when  the  ionizing 
laser  beam  is  in  the  center  between  the  electrodes,  the  current  is  seen  to  drop  after  its  initial  rise  creating  a 
sharp  initial  peak.  This  can  be  explained  by  the  space  charge  effect  of  the  overlapping  negative  and 
positive  ion  swarms  (see  Appendix  A)  causing  a  decreasing  total  electric  field  (the  applied  external  field 
plus  the  field  due  to  the  oppositely  charged  ions).  As  the  swarms  separate,  their  effect  on  each  other 
becomes  negligible  and  total  electric  field  once  again  becomes  the  applied  external  field. 
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To  evaluate  if  charge  was  collected  as  efficiently  at  all  positions,  the  waveforms  of  Figure  1  were 
integrated  to  yield  the  total  charge  collected  for  the  respective  laser  beam  position  relative  to  the  collector 
electrode. 


0.9 

0.8 

0.7 

I  0.6 

o 

S  0-5 


0.3 
0.2 
0.1 
0 

Figure  2.  Total  charge  collected  as  function  of  position  between  parallel  plates,  300  V  bias. 

The  procedure  was  repeated  with  a  -300  V  bias  resulting  in  the  waveforms  in  Figure  3  being 
reversed  as  expected.  The  total  charge  collected  as  shown  in  Figure  4  is  nearly  identical  to  that  for 
positive  bias  and  suggests  that  any  variations  are  geometry  related. 
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Figure  3.  Styrene  LID  waveforms,  -300  V  bias,  as  the  laser  beam  is  moved  away  from  the  collector 
electrode  (repeller  at  negative  bias,  collector  at  ground). 
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Figure  4.  Total  charge  collected  as  function  of  position  between  parallel  plates,  -300  V  bias 

The  acquisitions  were  then  done  at  different  positive  bias  voltages  as  shown  in  Figure  5,  Figure  6, 
and  Figure  7.  The  waveforms  are  very  similar  except  that  the  drift  time  decreases  with  increasing  bias 
(drift  field).  Note  that  the  time  scales  are  different  for  Figure  1,  Figure  5,  Figure  6,  and  Figure  7  that  were 
taken  under  identical  conditions  except  that  the  positive  bias  was  increased. 
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Figure  5.  Styrene  LID  waveforms,  +50  V  bias,  as  the  laser  beam  is  moved  away  from  the  collector 
electrode  (repeller  at  positive  bias,  collector  at  ground). 


collector  electrode  (repeller  at  positive  bias,  collector  at  ground). 
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Figure  7.  Styrene  LID  waveforms,  +900  V  bias,  as  the  laser  beam  is  moved  away  from  the 


collector  electrode  (repeller  at  positive  bias,  collector  at  ground). 


To  better  observe  the  effects  of  varying  the  bias  on  the  waveform,  two  sequences  were  taken  in 
which  the  laser  beam  was  centered  between  the  electrodes  and  the  bias  varied.  A  mesh  plot  of  the  first 
sequence  in  which  the  voltage  was  varied  from  10  to  100  V  in  steps  of  10  V  is  shown  in  Figure  8. 
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Figure  8.  Styrene  LID  waveforms  as  the  bias  is  varied  from  10  to  100  V  (repeller  at  positive  bias, 
collector  at  ground)  with  the  laser  beam  centered  between  the  electrodes. 
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The  second  mesh  plot  in  Figure  9  shows  the  waveform  variation  as  the  voltage  was  varied  from 
50  to  1000  V  in  steps  of  50  and  then  100  V.  Note  the  change  in  time  scale  and  that  the  peak  current  has 
changed  by  an  order  of  magnitude  from  Figure  8. 


Time  (ms) 

Figure  9.  Styrene  LID  waveforms  as  the  bias  is  varied  from  50  to  1000  V  (repeller  at  positive 
bias,  collector  at  ground)  with  the  laser  beam  centered  between  the  electrodes 


The  temporal  width  of  the  waveforms  typically  remains  the  same  while  the  current  increases 
proportionately  with  concentration.  However,  atypical  temporal  broadening  with  concentration  was 
observed  for  acetaldehyde  (Swenson  1999).  A  pulsed  Ti:sapphire  laser  was  tuned  on  the  acetaldehyde 
origin  peak  at  363.5  nm  and  the  ionization  current  monitored  as  acetaldehyde  diluted  1:10^  in  methanol 
was  injected  into  a  5  L  closed  system.  As  indicated  in  Figure  10,  the  waveforms  get  progressively 
lengthened  in  time  as  the  concentration  increases  indicating  a  decrease  in  the  mobilities  of  the  ions.  This 
is  in  contrast  to  a  constant  temporal  shape  with  concentration  that  we  have  observed  in  other  analytes.  For 
a  given  concentration,  the  temporal  shape  of  the  acetaldehyde  waveforms  did  not  change  with 
wavelength.  This  behavior  is  indicative  of  clustering  of  the  acetaldehyde  molecules  with  each  other  or 
with  other  molecules.  Further  studies  of  this  effect  are  clearly  warranted. 
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Figure  10.  Representative  LID  waveforms  for  acetaldehyde  in  air  at  363.5  nm. 

C.  CYLINDRICAL  WAVEFORMS 

Waveforms  were  acquired  using  a  LID  cell  configured  with  a  copper  cylinder  electrode  (2.6  cm 
long  and  I.l  cm  inside  diameter)  and  a  1  mm  diameter  copper  wire  electrode  through  the  center  of  the 
cylinder.  The  variable  high  voltage  supply  was  connected  to  the  outer  cylindrical  pipe  and  the  central 
collection  wire  was  connected  to  the  pre-amp  (ground).  The  flow  system  contained  laboratory  air  and  5 
pL  of  styrene  headspace  was  injected  into  the  5  L  flask  to  give  a  concentration  of  approximately  10  ppbv 
in  atmospheric  pressure  air.  The  rhodamine  dye  laser  was  tuned  to  the  styrene  resonance  at  287.5  nm.  The 
waveforms  were  acquired  with  a  Tektronix  2440  digital  oscilloscope  and  downloaded  to  the  PC  through 
the  GPDB.  The  LID  cell  was  mounted  on  vertical/horizontal  translation  stages  and  moved  with 
micrometers  to  adjust  the  distance  of  the  parallel  laser  beam  from  the  wire  collector  electrode.  The  cell 
was  moved  in  small  increments  so  that  the  laser  beam  sampled  across  the  diameter  of  the  cylinder.  The 
laser  beam  hit  the  collection  wire  when  the  beam  was  aimed  through  the  center. 

Waveforms  acquired  with  a  postive  300  volt  bias  are  shown  in  Figure  11.  For  the  first  waveform, 
at  1  mm  from  the  collector,  the  positive  styrene  molecules  travel  only  1  mm  to  reach  the  negative 
(ground)  collector  while  the  anions  (electrons  captured  by  oxygen)  must  travel  to  the  positive  cylindrical 
electrode.  Consequently,  the  fast  peak  in  this  case  is  due  to  the  cations  and  the  anions  are  delayed. 
Because  the  electric  field  varies  inversely  with  distance  from  the  collection  wire  in  the  cylindrical  case, 
the  ions  traveling  to  the  collection  wire  are  well  defined.  The  current  of  Oppositely  charge  ions  traveling 
to  the  cylinder  is  stretched  out  in  time  and  effectively  produces  a  flat  baseline  (see  Appendix  A).  As  the 
ionizing  laser  beam  is  moved  away  from  the  collector,  the  positive  ions  travel  further  and  the  current  peak 
due  to  positive  ions  nearing  the  collection  wire  is  delayed  in  time.  The  laser  beam  was  moved  in  small 
increments  across  the  diameter  of  the  cylinder  as  indicated  in  Figure  12  where  the  collection  wire  in  the 
cylinder  center  is  located  at  0.  The  total  charge  collected  at  each  position  was  determined  by  integrating 
the  current  for  each  waveform  and  is  displayed  in  Figure  13.  The  drops  in  collected  charge  match  the 
laser  beam  being  blocked  by  the  outer  cylinder  and  the  center  collection  wire  as  seen  by  comparing  the 
collected  charge  with  the  transmitted  laser  pulse  energy  shown  in  Figure  14. 
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Figure  11.  Cylindrical  electrode  LID  waveforms  as  a  function  of  distance  from  the  collection  wire 
(cylinder  at  +300  V,  collector  wire  at  ground  to  collect  positive  ions.) 


Figure  12.  Styrene  LID  waveforms,  +300  V  bias,  as  the  laser  beam  is  moved  across  the  diameter  of 
the  cylinder  (cylinder  at  positive  bias,  collector  wire  at  ground). 
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Figure  13.  Total  styrene  LID  charge  collected  across  cylindrical  cell  with  cylinder  biased  at  -(-300 
V. 
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Figure  14.  Laser  pulse  energy  transmitted  through  cylindrical  LID  cell  of  Figure  13. 


The  procedure  was  repeated  with  a  -300  V  bias  resulting  in  the  waveforms  in  Figure  15.  The 
composite  of  waveforms  as  a  function  of  position  is  shown  in  Figure  16.  Large  currents  were  detected  as 
the  laser  beam  struck  the  negatively  biased  cylinder  due  to  the  photoelectric  effect.  This  is  clearly 
reflected  in  the  total  charge  collected  shown  in  Figure  17  along  with  the  corresponding  laser  energy 
transmitted  given  in  Figure  18. 
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Figure  17.  Total  styrene  LID  charge  collected  across  cylindrical  cell  with  cylinder  biased  at  -300  V. 
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Figure  18.  Laser  pulse  energy  transmitted  through  cylindrical  LID  cell  of  Figure  17. 


The  bias  voltage  was  also  varied  with  the  laser  beam  in  a  fixed  position  relative  to  the  collection 
wire.  The  results  for  the  laser  beam  midway  between  the  cylinder  and  the  collection  wire  is  given  in 
Figure  19.  As  expected  the  higher  the  bias,  the  faster  the  ions  drift  and  the  peaks  are  shifted  to  shorter 
times. 
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Figure  19.  LH)  waveforms  for  cylindrical  electrodes  at  nnidpoint  between  wire  and  cylinder  as  a 
function  of  voltage  applied  to  the  cell. 

An  interpolated  plot  is  presented  in  Figure  20.  The  corresponding  total  charge  as  a  function  of 
bias  is  shown  in  Figure  21.  The  implication  is  that  above  some  voltage,  approximately  50  V  for  this 
configuration,  the  collection  efficiency  is  nearly  independent  of  bias.  This  means  that  the  voltage  can  be 
adjusted  to  place  the  ion  current  peak  at  a  convenient  drift  time. 


Figure  20.  Interpolated  styrene  LID  waveforms,  midpoint  between  wire  and  cylinder,  as  the  voltage 
is  increased  to  1000  V. 
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Figure  21.  Total  charge  plot  of  styrene  ionization  at  the  midpoint  between  the  wire  and  cylinder  as 
the  applied  bias  is  varied. 

Similar  results  were  obtained  with  the  collection  wire  biased  to  collect  anions  and  over  a  range  of 
laser  beam  positions.  In  addition,  large  currents  were  detected  as  the  laser  beam  struck  the  negatively 
biased  cylinder  due  to  the  photoelectric  effect.  Within  experimental  error,  the  cylindrical  and  parallel 
plate  configurations  produced  similar  total  charge  detection  for  the  same  laser  beam  and  analyte 
concentration.  The  cylindrical  configuration  was  shown  to  work  effectively  over  a  wide  range  of  drift 
distances  and  applied  bias. 

D.  HALF-CYLINDER  WAVEFORMS 

The  positive  results  from  the  cylindrical  configuration  led  us  to  develop  a  hemispherical  cell 
geometry  that  minimizes  photoemission  due  scattered  light  striking  the  negative  electrode  while  providing 
peaked  ion  current  waveforms.  The  collection  electrode  is  a  wire  mounted  on  a  ceramic  base  and  the 
repeller  electrode  is  a  4.9  mm  inside  diameter,  1 1.6  mm  long  half-cylinder  of  copper.  Figure  22  shows 
waveforms  obtained  from  such  a  cell  containing  indene  vapor  (190  ppbv)  in  air  at  ambient  pressure  as  a 
function  of  position  along  the  ceramic  relative  to  the  collection  wire.  The  laser  was  tuned  to  288  nm  and  a 
300  V  battery  was  used  to  bias  the  electrodes. 

The  largest  and  fastest  peak  was  obtained  at  position  A  with  the  laser  beam  striking  the  end  of  the 
collection  wire,  which  nearly  blocked  the  entire  beam.  The  peak  for  position  A  is  over  one  order  of 
magnitude  larger  than  at  positions  A1  and  A4  and  over  three  times  the  magnitudes  at  positions  A2  and 
A3.  In  both  cases  A1  and  A4,  the  beam  was  striking  the  cylinder.  The  very  large  magnitude  suggests  that 
the  peak  at  A  must  be  predominantly  due  to  photoelectric-effect  electrons  from  the  negatively  biased 
collection  wire  rather  than  ionization  of  indene.  The  288  nm  light  should  not  be  energetic  enough  for 
photoemission  from  copper,  so  we  are  likely  seeing  a  2-photon  effect  (Smith,  1962,  Teich, 
1964,Logothetis,  1967).  Since  the  cylinder  is  symmetric,  one  would  expect  the  same  results  on  both  sides. 
Since  the  cylinder  is  positively  biased,  there  should  be  no  photoemission  from  the  cylinder  (positions  A1 
and  A4)  and  little  ionization  of  indene  since  most  of  the  beam  is  blocked,  which  corresponds  to  what  is 
observed. 
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Figure  23  shows  the  same  situation  with  the  bias  reversed,  i.e.  the  oxygen  anions  are  now  being 
collected  at  the  collection  wire.  With  the  cylinder  at  negative  bias,  positions  A1  and  A4  are  dominated  by 
photoemission.  A1  and  A4  must  again  correspond  to  the  emission  of  the  photoelectrons  rather  than  the 
collection  of  the  anions  at  the  wire  since  they  are  much  faster  than  the  anions  from  A2  and  A3  traveling  to 
the  wire.  There  should  be  little  or  no  photoemission  from  the  collection  wire  for  situation  A  as  is 
observed.  A  should  be  negatively  charged  anions  traveling  to  the  wire  and  should  be  prompter  than  A2 
and  A3  which  appears  the  case.  A  is  much  smaller  than  A2  or  A3  probably  because  the  beam  was  largely 
blocked  by  the  wire  therefore  few  ions  were  created  along  the  wire. 


Figure  23.  Collection  wire  at  positive  bias.  A1  and  A4:  laser  beam  hitting  cylinder  at  the  ceramic; 
A2  and  A3:  laser  beam  just  missing  the  ceramic  half  way  between  the  wire  and  cylinder;  A:  laser  hitting 
the  collection  wire.  Indene  (190  ppbv)  in  air. 
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Figure  24  and  Figure  25  correspond  to  positions  vertical  to  the  ceramic  plane.  Again  there  is  a 
large  photoemission  peak  at  position  A.  In  Figure  24  the  peak  for  A  must  be  dominated  by  the 
photoemitted  electrons  that  presumably  are  captured  by  oxygen  molecules  and  the  consequent  anions  drift 
to  the  cylinder.  From  numerical  modeling,  this  should  be  a  broad,  flat  curve.  The  fact  that  instead,  a 
prompt  large  peak  is  observed  confirms  that  it  corresponds  to  current  flowing  through  the  external 
detector  circuit  to  make  up  the  deficiency  of  photo-electrons  leaving  the  wire.  If  this  is  the  case,  the  pulse 
shape  of  waveform  A  should  represent  the  response  time  of  the  electronics.  The  time  dependence  of  the 
four  waveforms  is  presented  in  Figure  25  where  the  waveforms  are  normalized  to  their  peak  current 
value.  Since  C  is  faster  than  D,  they  appear  to  correspond  to  the  positive  indene  ions  traveling  to  the 
collection  wire.  Following  this  argument,  the  peak  in  E  would  correspond  to  the  positive  indene  ions 
traveling  to  the  collection  wire.  The  leading  shoulders  on  D  and  E  then  correspond  to  the  anions  traveling 
to  the  cylinder  since  they  have  a  much  shorter  distance  to  travel.  The  farther  the  anions  have  to  travel,  the 
smaller  the  magnitude  and  broader  the  corresponding  current  waveform  contribution. 
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Figure  24.  Collection  wire  at  negative  bias.  A:  laser  hitting  the  collection  wire;  C:  half  way  between 
the  wire  and  cylinder;  D:  just  missing  the  cylinder;  E:  hitting  the  cylinder.  Indene  (190  ppbv)  in  air. 


Figure  26  and  Figure  27  correspond  to  positions  vertical  to  the  ceramic  plane  with  the  collection 
wire  at  positive  bias.  Now  the  large  photoemission  peak  should  corresponds  to  position  E.  In  Figure  26 
the  peak  for  E  must  be  dominated  by  the  electrons  photoemitted  from  the  half-cylinder  that  presumably 
are  captured  by  anions  and  drift  to  the  collection  wire.  The  fact  that  the  peak  for  E  is  prompter  than  for  A 
(see  Figure  27)  reinforces  that  it  corresponds  to  current  flowing  through  the  circuit  to  make  up  the 
deficiency  due  to  electrons  leaving  the  cylinder.  The  spread  out  part  of  E  may  correspond  to  the  anions 
reaching  the  collection  wire.  Since  C  is  again  faster  than  D,  they  correspond  to  the  negative  anions 
traveling  to  the  collection  wire.  The  prompt  peak  in  A  could  correspond  to  photoelectrons  being  emitted 
by  the  scattered  light  hitting  the  cylinder  and  the  tail  by  the  negative  ions  traveling  to  the  collection  wire 
and/or  positive  ions  traveling  to  the  cylinder. 
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Figure  25.  Collection  wire  at  negative  bias.  A:  laser  hitting  the  collection  wire;  C:  half  way  between 
the  wire  and  cylinder;  D:  just  missing  the  cylinder;  E:  hitting  the  cylinder.  Waveforms  normalized  to 
maximum  current. 


Figure  26.  Collection  wire  at  positive  bias.  A:  laser  hitting  the  collection  wire;  C:  half  way  between 
the  wire  and  cylinder;  D:  just  missing  the  cylinder;  E:  hitting  the  cylinder.  Indene  (190  ppbv)  in  air. 
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Figure  27.  Collection  wire  at  positive  bias.  A:  laser  hitting  the  collection  wire;  C:  half  way  between 
the  wire  and  cylinder;  D:  just  missing  the  cylinder;  E:  hitting  the  cylinder.  Waveforms  are  normalized. 

Figure  28  and  Figure  29  compare  waveforms  from  Figure  24  and  Figure  26  for  the  same  position 
(C  and  D)  with  the  bias  reversed.  These  results  are  consistent  with  the  cations  traveling  slower  than  the 
anions. 


Figure  28.  Position  C  half  way  between  the  wire  and  the  cylinder.  The  dashed  is  the  waveform  for 
the  collection  wire  negatively  biased  and  solid  line  for  the  wire  positively  biased. 
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Figure  29.  Position  D  just  missing  the  cylinder.  The  dashed  is  the  waveform  for  the  collection 
wire  negatively  biased  and  solid  line  for  the  wire  positively  biased. 

These  results  indicate  that  the  preferred  configuration  for  the  detection  of  positively  charged 
parent  molecule  ions  generated  by  laser  ionization  is  with  the  laser  beam  at  position  D  just  missing  the 
positively  charged  cylinder.  Scattered  light  striking  the  cylinder  will  not  generate  photo-emitted  electrons 
and  the  collection  wire  presents  a  very  small  cross-section  for  absorbing  scattered  light.  As  indicated  in 
Figure  30,  the  applied  bias  can  be  adjusted  for  the  desired  drift  time  for  the  peak.  There  is  obviously  a 
trade-off  between  increasing  the  drift  time  for  better  resolution  and  the  spreading  of  the  ion  swarm. 


Figure  30.  Collection  wire  at  negative  bias  with  laser  beam  at  position  D.  Styrene  (150  ppbv)  in  air. 
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The  integrated  area  under  the  waveforms  of  Figure  30  yields  the  total  collected  ionization  current 
and  is  given  in  Figure  31.  The  integrated  charge  for  10, 20  and  30  V  biases  is  significantly  decreased 
because  part  of  the  waveform  was  cut-off  due  to  the  storage  oscilloscope  time  scale  setting.  Otherwise, 
there  is  little  difference  in  collection  efficiency  for  the  different  biases. 
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Figure  31.  Collection  wire  at  negative  bias  with  laser  beam  at  position  D.  Styrene  (150  ppbv)  in  air. 

Because  this  detector  configuration  has  high  potential  for  a  selective  gas  chromatograph  detector, 
it  was  evaluated  for  the  possible  carrier  gases  nitrogen,  P-5  (5%  methane  in  argon),  and  argon. 


Figure  32.  Collection  wire  at  negative  bias  with  laser  beam  at  position  D.  Styrene  (150  ppbv)  in 
nitrogen. 
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Figure  33.  Collection  wire  at  negative  bias  with  laser  beam  at  position  D.  Styrene  (150  ppbv)  in 
nitrogen. 
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Figure  34.  Collection  wire  at  negative  bias  with  laser  beam  at  position  D.  Styrene  (150  ppbv)  in  P-5 
(5%  methane  in  argon). 
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Figure  35.  Collection  wire  at  negative  bias  with  laser  beam  at  position  D.  Styrene  (150  ppbv)  in  P-5 
(5%  methane  in  argon). 
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Figure  36.  Collection  wire  at  negative  bias  with  laser  beam  at  position  D.  Styrene  (150  ppbv)  in 
argon. 

As  is  obvious  from  these  results,  the  novel  hemispherical  detector  with  the  ionizing  laser  beam 
passing  near  the  half-cylinder  anode  provides  a  number  of  advantages.  The  photoelectric  effect  due  to 
scattered  light  being  absorbed  by  the  negative  electrode  is  essentially  eliminated.  The  sample  volume  can 
be  minimized  while  still  generating  a  peaked  induced  ion  current  that  will  be  ideal  for  lock-in  or  sample- 
and-hold  detection.  The  hemisphere  can  be  made  larger  if  longer  drift  times  are  desired  to  provide  low 
resolution  speciation  by  ion  mobility.  The  cylinder  on  ceramic  design  is  also  easy  to  fabricate. 
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SECTION  III  LID  AROMATIC  SPECTRA 


A.  BACKGROUND 

Substantial  progress  was  achieved  during  previous  research  including  LID  spectra  of  aniline, 
styrene,  (Swenson,  1996)  acetaldehyde  (Swenson,  1999)  and  benzene,  toluene,  ethylbenzene,  and  xylenes 
(BTEX)  (Gillispie,  1999,  Swenson,  1996, 1998)  at  the  <1  ppbv  level  via  1+1  resonance-enhanced 
multiphoton  ionization  in  atmospheric  pressure  room  air.  There  are  many  different  gas  phase  species  that 
could  be  detected  by  LID,  and  the  need  exists  to  identify  the  most  appropriate  target  species,  the  optimal 
spectral  ranges,  and  possible  interferences.  The  focus  of  this  segment  of  the  effort  was  to  increase  the 
database  of  ambient  pressure  LID  spectra  for  the  polycyclic  aromatic  hydrocarbons  EPA  priority 
pollutants.  The  main  thrust  ended  up  being  a  high  resolution  study  of  indene  (Lucci,  1999)  as  a  Chemistry 
Department  thesis  that  is  at  Attachment  B.  The  experimental  setup  and  procedures  are  detailed  in 
Attachment  B. 

B.  SUMMARY  OF  RESULTS 

Max  Lucci's  results  on  indene  were  presented  at  Photonics  East  (Lucci,  1999)  as  well  as  his  thesis 
at  Attachment  B.  This  work  demonstrated  that  very  narrow  features  can  be  seen  for  molecules  as  large  as 
indene  even  at  room  temperature  under  ambient  pressure  conditions.  The  narrowness  of  these  features 
means  that  on-  and  off-resonance  measurements  to  separate  out  background  LID  signals  are  very  feasible 
for  real-time  analysis  of  aromatic  hydrocarbons  in  air. 


SECTION  IV  LID  ION  MOBILITY  SPECTROMETRY 


A.  BACKGROUND 

Since  the  temporal  waveforms  that  we  obtain  in  our  ambient  pressure  LID  detection  provide  an 
ion  mobility  spectrum,  this  opens  a  new  avenue  for  ion  speciation.  We  are  aware  of  three  groups 
(Gormally,  1991,  Kolaitis,  1986,  Clark,  1995)  that  have  published  laser  MPI  coupled  with  a  conventional 
ion  mobility  drift  tube  (ca.  14  cm  drift  region  vs.  1  cm  in  our  parallel  plate  LID  cell).  These  groups  have 
used  single  wavelength  nonresonant  MPI,  typically  the  fourth  harmonic  of  Nd:YAG  at  266  nm.  Both 
room  temperature  LID  and  IMS  give  low  resolution  speciation  when  compared  to  techniques  such  as  high 
vacuum  jet  expansion  LID  mass  spectrometry.  However,  by  acquiring  both  LID  and  IMS  data 
simultaneously  and  applying  multivariate  analysis  of  the  multimode  data,  very  high  resolution  speciation 
should  be  attainable.  At  the  same  time,  the  convenience  of  ambient  pressure,  real-time  acquisition  is 
possible  with  much  higher  sensitivity  since  the  sample  is  not  diluted  by  introducing  it  into  a  high  vacuum. 

In  the  conventional  IMS,  the  beta  particle  (P' )  emitted  from  a  radioactive  ®^Ni  foil  is  used  as  the 
ionization  source  (Hill,  1990)  according  to  the  process: 

N2  +  p'^N2‘'  +  p''  +  e 

where  p'"  is  a  beta  particle  that  has  lost  some  of  its  initial  energy.  The  N2^  ion  begins  a  series  of 
ion-molecule  reactions  with  trace  amounts  of  H2O,  NH3,  NO,  and  the  target  analyte.  These  reactant  ions 
undergo  further  ion-molecule  reactions  with  neutral  gas-phase  analytes  to  produce  the  analyte  product 
ions  of  interest.  Similarly,  the  thermal  electrons,  e',  are  captured  by  O2  and  result  in  the  negative  reactant 
clusters,  (H20)n02'  or  (H20)„(C02)m02'  and  negative  analyte  product  ions  are  produced  by  ion-molecule 
reactions.  The  ions  are  accelerated  by  an  electric  field  and  quickly  come  to  an  average  ion  velocity  due  to 
collisions  with  the  drift  gas  molecules.  Each  ion  will  have  a  unique  average  velocity  characterized  by  its 
reduced  mobility.  The  drift  time  to  reach  the  collector  electrode  is  inversely  proportional  to  the  reduced 
mobility  of  the  ion  and  the  ratio  of  its  drift  time  to  the  drift  time  of  a  calibrant  gas  is  used  to  identify  the 
analyte. 


Since  the  radioactive  source  continuously  generates  ions,  an  electronic  grid  gate  shutter  must  be 
used  at  the  inlet  of  the  drift  tube  in  order  to  time  the  travel  of  the  ions  down  the  drift  tube.  This  adds 
electronics  and  a  large  number  of  ions  are  lost  in  traveling  through  the  grid  shutter.  These  problems  are 
eliminated  by  LID.  In  addition,  LDD  adds  wavelength  speciation  to  produce  two-dimensional  data 
(wavelength  and  ion  mobility).  The  LID  elimination  of  the  radioactive  ionization  source  normally  used 
with  conventional  IMS  and  with  it  the  nuclear  regulatory  requirements  alone  justifies  pursuing  this 
nonradioactive  source.  We  demonstrated  the  feasibility  of  this  approach  by  generating  two-dimensional 
data  for  a  number  of  aromatic  species. 

B.  TWO-DIMENSIONAL  LASER  IONIZATION  DATA 

Our  parallel  plate  LID  cell  was  modified  by  adding  a  drift  tube  consisting  of  five  rings  from  a 
Camac  IMS  with  a  gold  plated  grid  in  front  of  the  collector  plate  as  shown  in  Figure  37.  The  separation 
between  the  drift-tube  rings  and  between  the  repeller  and  first  ring  and  the  last  ring  and  the  grid  was 
approximately  8  mm.  The  ionizing  laser  beam  was  passed  parallel  to  the  positive  repeller  electrode.  The 
LI-IMS  was  operated  at  room  temperature  and  atmospheric  pressure.  Analyte  headspace  was  injected  into 
a  5  L  flask  of  atmospheric  pressure  air  and  circulated  through  the  ionization  cell.  A  Nd:YAG  pumped  dye 
laser  operating  at  50  Hz  was  scanned  to  selectively  ionize  the  analyte  molecules.  The  positive  ions  drift 
through  the  tube  to  the  collector  electrode.  After  they  pass  through  the  aperture  grid  they  induce  a  current 
to  flow  between  the  aperture  grid  and  collector  electrode.  Because  this  is  a  narrow  gap,  a  sharp  (relative  to 
parallel  plate  waveforms)  induced  current  peak  is  produced.  Both  the  current  intensity  and  time  relative  to 
the  laser  pulse  are  recorded.  These  waveforms  were  then  corrected  for  variations  in  laser  pulse  energy  and 
are  plotted  versus  wavelength  and  drift  time. 
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Figure  37.  LI-IMS  schematic. 


Since  the  drift  time  is  determined  by  the  applied  bias,  the  LI-IMS  response  to  varying  total 
applied  biases  was  established.  The  drift  tube  rings  were  connected  by  300  kQ  resistors.  A  lower  applied 
bias  results  in  longer  drift  times  and  greater  separation  between  ions  with  different  mobilities  but  also 
results  in  spreading  of  the  ion  swarm.  The  results  in  Figure  38  were  recorded  with  100  ppbv  styrene  in  air 
with  a  laser  wavelength  of  287.75  nm.  The  potential  between  the  aperture  grid  and  the  collector  electrode 
was  held  at  350  V  by  varying  the  resistance  between  the  grid  and  ground  as  the  total  potential  across  the 
rings  was  varied  from  2000  V  to  1300  V,  decreasing  by  increments  of  100  V.  The  total  charge  collected 
was  determined  by  integrating  the  area  under  the  waveforms  of  Figure  38  and  the  results  are  presented  in 
Figure  39.  A  bias  of  1600  V  was  selected  and  maintained  between  the  repeller  and  grid  (4.8  cm 
separation)  producing  an  average  drift  region  electric  field  of  333  V/cm  for  all  measurements  reported 
below.  A  bias  of  350  V  was  maintained  between  the  grid  and  collector  corresponding  to  approximately  a 
3500  V/cm  electric  field. 
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Figure  39.  Total  charge  collected  versus  drift  electric  field. 

We  generated  two-dimensional  plots  (drift  time  vs  ionization  wavelength)  for  styrene  in  Figure 
40  and  aniline  in  Figure  41.  These  2-D  plots  represent  a  unique  fingerprint  that  can  identify  the  presence 
of  the  molecule.  The  signatures  of  styrene  and  aniline  are  clearly  identified  in  the  2-D  plot  for  a  mixture 
of  30  ppbv  aniline  and  100  pbbv  styrene  in  Figure  42,  The  drift  times  have  shifted  between  measurements 
probably  because  the  laser  beam  was  not  located  in  an  identical  position.  The  measurements  were  made 
on  separate  days  and  the  cell  removed  to  bake  it  out  between  measurements. 
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Figure  40.  Two-dimensional  Ll-IMS  plot  for  100  ppbv  styrene  in  air. 
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Figure  41.  Two-dimensional  LI-IMS  plot  for  20  ppbv  aniline  in  air. 
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Figure  42.  Two-dimensional  LI-IMS  plot  for  30  ppbv  aniline  and  100  ppbv  styrene  in  air. 

Similarly  two-dimensional  data  were  obtained  for  methylnaphthalene  in  Figure  43  and 
naphthalene  in  Figure  44.  Wliile  they  have  similar  mobilities  and  ver>'  broad  absorption  spectra,  the  two 
can  easily  be  distinguished  in  a  mixture  shown  in  Figure  45. 
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Figure  43.  Two-dimensional  LI-IMS  plot  for  1  ppbv  methylnaphthalene  in  air. 
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Figure  44.  Two-dimensional  LI-IMS  plot  forl3  ppbv  naphthalene 


29 


11 


5 1 - — 1-- 

280  281 


282  "  2^^  ^^4  285 

wavelength  (nm) 


286 


’287 


288 


Figure  45.  Two-dimensional  LI-IMS  plot  for  9.0  ppbv  naphthalene  and  0.73  ppbv 
methylnaphthalene. 

These  preliminary  results  demonstrate  the  excellent  potential  for  two-dimensional  (drift  time 
versus  ionization  wavelength)  diagnostics  for  the  identification  of  aromatics  in  ambient  air.  A  number  of 
improvements  are  required  in  the  device.  A  counter-flowing  dry  air  or  nitrogen  drift  region  similar  to 
those  in  a  commercial  IMS  is  needed  and  the  device  should  be  bakeable  in  situ  to  remove  adsorbed 
analytes.  Apertures  or  other  techniques  need  to  be  incorporated  to  insure  that  the  laser  beam  location  is 
identical.  Finally,  chemometric  analysis  needs  to  be  developed  to  identify  molecules  in  complex  mixtures. 
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SECTION  V  PHOTOEMISSIVE  ION  MOBILITY  SPECTROMETRY 


A.  BACKGROUND 

The  use  of  photoemitted  electrons  from  thin  metallic  films  exposed  to  ultraviolet  light  as 
the  source  of  thermal  electrons  in  an  electron-capture  detector,  eliminating  the  need  for  the 
radioactive  ®^Ni  emitter  was  previously  reported  (Simmonds,  1987).  Besides  the  elimination  of 
the  regulatory  requirement  of  the  radioactive  source,  a  number  of  benefits  are  reaped  by  using 
photoemitted  electrons:  part  of  the  current  measured  in  conventional  IMS  is  due  to  the  migration 
of  positive  ions  to  the  anode  and  this  complication  is  eliminated  by  eliminating  the  positive  ions; 
elimination  of  the  positive  ions  prevents  the  large  electron-positive  ion  recombination  in  the 
reaction  region;  and  the  chemical  processes  within  the  detection  cell  are  simplified  considerably 
if  positive  ions  are  absent  making  interpretation  of  the  measured  signal  more  straightforward,  fri 
air,  the  photoemitted  electrons  start  with  a  maximum  energy  of  only  0.4  eV  and  very  rapidly 
acquire  a  mean  electronic  energy  at  293  K  equal  or  close  to  3/2  kT  (0.037  eV).  Consequently,  no 
positive  ions  or  energized  radicals  are  produced.  Simmonds  et  al.  subsequently  extended  the 
photoemissive  electron  concept  to  ion  mobility  detectors  (Begley,  1991).  In  addition  to  the  BCD 
benefits,  the  ion  mobility  spectrometer  shutter  grid  at  the  entrance  of  the  drift  tube  and  its 
associated  gating  electronics  are  eliminated.  In  their  design,  they  used  a  fused  silica  window  with 
a  thin  gold  layer  with  a  work  function  of  ca.  4.5  eV  as  the  photoemissive  source.  The  ultraviolet 
light  from  a  pulsed  xenon  lamp  placed  on  the  other  side  of  the  window  generates  thermal 
electrons,  e',  by  the  photoelectric  effect.  Since  the  electrons  are  generated  as  a  pulse,  the  starting 
grid  shutter  is  eliminated.  With  air  as  the  sample  and  drift  gas,  the  photoemissive  electron  IMS 
performed  comparable  to  a  conventional  radioactive  ®^Ni  emitter  IMS.  In  air,  the  thermal 
electrons  will  travel  only  ca.  1.2x10'^  cm  before  conversion  to  an  O2'  reactant  ion.  The  target 
compound  M  is  ionized  by  the  following  system  of  reactions: 

e  "I"  O2  — ^  O2 
O2  ^  O2 

^4  — ^  NI  e 

They  found  that  where  oxygen  is  present,  the  ion  mobility  resolution  is  effectively 
unchanged  at  oxygen  concentrations  in  excess  of  6%  and  decreases  as  the  oxygen  content  is 
decreased  due  to  free  electrons  traveling  further  distances  before  being  attached  to  oxygen.  The 
photoemissive  IMS  was  demonstrated  for  acetylacetone,  benzoylacetone  and  benzoquinine. 

Alastair  Clark  et  al.  (Clark,  1995)  have  demonstrated  the  electron  capture-IMS  approach 
using  LID  instead  of  the  photoelectric  effect  to  produce  the  free  electrons.  They  showed  that  the 
LID  IMS  spectra  was  very  similar  to  the  *^Ni  IMS  spectra  for  2,4-DNT,  2,4,6-TNT,  PETN,  and 
RDX  but  with  slightly  poorer  resolution.  The  emphasis  of  their  approach  appears  to  have  been  to 
use  the  photo-dissociation/fragmentation  of  the  explosive  molecules  and  subsequent  LED 
ionization  of  NO  in  the  225-227  nm  range;  however,  no  signals  in  addition  to  the  background 
signal  were  observed  in  the  positive  ion  mode  for  the  explosives.  They  then  tried  the  negative  ion 
mode  using  a  rather  inefficient  means  to  generate  electrons,  namely  three-photon  LED  of  O2  at 
225.0  nm,  that  produces  both  positive  oxygen  ions  and  low  energy  electrons.  The  free  electrons 
attached  to  neutral  oxygen  molecules  producing  O2’  that  subsequently  reacted  with  the  explosives 
in  the  manner  in  which  we  are  proposing.  Our  photo-emissive  approach  produces  copious 
numbers  of  electrons  compared  to  the  number  they  could  produce  via  LED.  Also  their  work  was 
done  in  a  conventional  IMS  with  the  LED  ionization  occurring  4  mm  from  the  ion  gate  in  a  region 
of  variable  electric  field.  In  our  photoemissive  approach  we  creat  the  anions  in  the  plane  of  the 
thin  film  coating  in  very  large  numbers  without  the  electronic  shutter  grid  losses,  which  is 
expected  to  result  in  higher  resolution  than  the  conventional  IMS. 
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Our  PE-IMS  methodology  has  evolved  from  ground-breaking  results  (Swenson,  1996, 
Swenson,  Nov  1996)  on  the  detection  of  organics  in  air  with  resonance  enhanced  multiphoton 
ionization  (LID)  under  atmospheric  pressure.  Because  the  LID  process  of  interest  to  us  occurs 
under  ambient  conditions,  the  ions  thus  created  diffuse  through  the  air  rather  than  traveling  by 
free  flight  in  a  vacuum,  as  is  the  case  for  time-of-flight  instruments.  The  electrons  attach  to  the 
oxygen  that  is  abundantly  present  in  the  cell  and  form  O2',  which  can  further  react  with 
atmospheric  constituents  to  form  clusters  of  the  peroxide  anion  with  water  and  carbon  dioxide 
(Eiceman,  1994).  All  of  these  anions  are  collected  at  the  positive  electrode  after  diffusing  through 
the  air,  in  contrast  to  the  free  electrons  collected  in  the  early  MPI  cell  experiments  reported  in  the 
literature.  As  in  a  conventional  IMS,  the  time  interval  for  the  ion  to  reach  the  collector  is 
inversely  proportional  to  its  ion  mobility,  that  can  be  related  to  a  more  fundamental  parameter, 
the  reduced  mobility.  Ion  mobility  spectrometers  using  a  radioactive  ionization  source  are  used 
extensively  for  detecting  explosives  using  the  negative  ion  mode.  Because  the  reaction  region  and 
the  positive  ions  are  eliminated  in  our  scheme  as  well  as  the  large  losses  to  ion  shutters,  we 
should  ultimately  attain  higher  sensitivity. 

B.  SUMMARY  OF  RESULTS 

Christopher  Wall’s  results  on  PE-ECD  were  presented  at  Photonics  East  (Walls,  1999)  as 
well  as  in  his  dr^t  thesis  at  Attachment  C.  Results  of  complementary  work  will  be  reported 
under  Strategic  Environmental  Research  and  Development  Program  (SERDP)  subcontract  SC- 
98C6009  to  Dakota  Technologies,  Inc. 
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ABSTRACT 


Hong,  Feng,  M.S.,  Department  of  Physics,  College  of  Science  and  Mathematics, 

North  Dakota  State  University,  July  2001.  Modeling  of  Ion  Drift  in  an  Applied 
Electric  Field  in  Ambient  Pressure  Air  for  Laser  Ionization  Detection  Applications. 
Major  Professor:  Dr.  Orven  F.  Swenson. 

A  numerical  model  that  describes  the  behavior  of  laser-produced  ions  in  an  applied 
electric  field  and  the  subsequent  induced  current  flow  in  an  external  circuit  between 
the  biased  electrodes  was  developed.  The  numerical  solutions  provide  a  picture  of  the 
laser-generated  charge  distribution  moving  between  the  parallel  plate  or  cylindrical 
electrodes  as  well  as  the  measured  induced  current  behavior  with  time.  First,  a 
numerical  model  was  established  to  describe  the  distribution  and  dynamics  of 
positive  and  negative  ions  between  parallel  plate  or  cylindrical  electrodes.  The  model 
was  simplified  by  considering  an  ideal  situation  of  a  low  pressure  reduced  electric 
field  {E/P)  between  infinite  electrode  configurations,  neglecting  the  influence  of  the 
electric  field  created  by  the  charged  particles  in  the  ion  swarm  itself  and  the  ion 
diffusion  current  contribution;  however,  it  showed  good  agreement  with  experimental 
results. 
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CHAPTER  1 


INTRODUCTION 


Gaseous  trace  components  play  important  roles  in  a  variety  of  chemical  and 
physical  processes.  In  terms  of  environmental  concerns,  it  is  important  to  describe 
and  understand  the  production,  transport,  transformation,  and  removal  of 
substances  from  the  atmosphere.^  In  the  Laser  Ionization  Detection  (LID) 
technique,^  an  electric  field  is  applied  across  the  volume  of  interaction  to  separate 
the  charges  created  by  laser  illumination.  The  current  induced  by  these  moving 
charges  can  then  be  efficiently  detected  electronically.  This  thesis  focuses  on 
investigating  the  behavior  of  the  laser-produced  ions  in  atmospheric  pressure  air  in 
an  applied  electric  field  and  the  subsequent  induced  current  flow  in  an  external 
circuit  between  the  biased  electrodes.  The  numerical  solutions  provide  a  “motion 
picture”  of  the  laser-generated  charge  distribution  moving  between  both  parallel  and 
cylindrical  plates  as  well  as  the  measured  induced  current  behavior  with  time. 

1.1.  Laser  Ionization  Detection  (LID)  Instrumentation 

The  LID  instrumentation  shown  in  Figure  1.1.  is  very  simple.^  An  LID  waveform 
is  generated  by  measuring  the  current  induced  by  the  laser-produced  charged 
particles  in  the  space  between  the  electrodes.  The  current  waveforms  were  acquired 
using  the  LID  cell  configured  either  with  parallel  copper  electrodes  2.0  cm  in 
diameter  with  a  separation  of  1.0  cm,  or  with  a  1.0  mm  diameter  wire  axially 
positioned  in  a  2.6  cm  long  and  1.1  cm  inside  diameter  cylindrical  copper  tube.  A 
300  V  battery  was  used  to  bias  the  electrodes  with  one  electrode  connected  through 
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Figure  1.1.  Schematic  of  experimental  apparatus. 


a  pre-amplifier  to  ground.  The  gas  flow  system  contained  ambient  pressure 
laboratory  air,  and  5  /ljL  of  styrene  headspace  was  injected  into  the  5  L  flask  to  give 
a  concentration  of  approximately  10  ppbv  in  atmospheric  pressure  air.  The  frequency 
doubled  rhodamine  dye  laser  was  tuned  to  the  styrene  resonance  at  287.5  nm.  The 
pulsed  electrical  signal  from  the  pre-amplifier  was  fed  to  a  Tektronix  2440  digital 
storage  oscilloscope  (DSO)  that  displays  and  digitizes  the  ion  current  intensity 
vs.  time  waveform  to  1024  data  points.  The  waveforms  were  then  downloaded  to  a 
personal  computer.  The  LID  cell  was  mounted  on  a  horizontal  translation  stage  and 
moved  with  a  micrometer  to  adjust  the  distance  of  the  parallel  laser  beam  from  the 
grounded  electrode. 


1.2.  Background 

Analysis  and  modeling  of  the  ions  and  the  current  produced  by  an  LID  event  in  an 
external  electric  field  is  based  on  understanding  the  physical  and  chemical  processes 
of  gas  conduction.  Most  previous  research  in  gas  conduction  has  focused  on  the 
analysis  of  why  and  how  gas  conduction  occurs;  measuring  ion  and  electron  drift 
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velocities,  diffusion  coefficients,  and  mobilities;^’'*  and  deriving  the  mathematical 
model  for  ions  and  electrons  drifting  in  a  gas  in  a  uniform  electric  field  from  the 
continuity  equation.^’®  This  paper  also  studied  the  circuit  current  produced  by  the 
motion  of  ions  in  a  gas  by  considering  the  image  charges  in  the  electrodes.^  L.  G.  H. 
Huxley  solved  a  mathematical  model  for  a  group  of  electrons  drifting  between  plane 
parallel  electrodes  using  the  continuity  equation  for  the  number  density  of  electrons 
as  a  function  of  space  and  time.® 

The  goal  of  this  work  is  to  model  the  behavior  of  laser-produced  ions  and  the 
current  induced  by  this  behavior  in  a  gas  between  two  electrodes.  The  temporal  ion 
current  waveforms  produced  by  LID  in  atmospheric  pressure  can  be  interpreted  as 
the  creation  of  electron-positive  ion  pairs  that  drift  through  an  electric  field  as  they 
collide  with  the  ambient  gas  molecules.^  When  a  molecule  or  an  atom  reaches  its 
ionization  continuum  by  photon  absorption,  it  liberates  an  electron  and  leaves 
behind  a  positive  molecule  ion.  When  free  electrons  are  available,  they  may  attach 
themselves  to  neutral  atoms  or  molecules,  and  negative  ions,  called  anions,  are 
formed.  Gases  with  one  or  two  electrons  deficient  in  their  outer  shell  or  molecules  of 
two  (or  more)  atoms,^’®  such  as  O2,  tend  to  easily  attach  electrons.  The  three-body 
attachment  coefficients  of  N2  and  O2  at  300K  for  the  reaction  e~  +  O2  +  S  — >  O2  + 
-1-  energy  are  0.1x10“®®  cm^  and  2x10“®®  cm®  s“*,  respectively.®  The  time 
scale  for  electron  attachment  based  on  this  process  is  then  approximately  17  ns.  In 
our  model,  we  assume  that  the  free  electrons  immediately  attach  to  the  abundant 
oxygen  molecules  to  form  Oj  relative  to  the  drift  time  of  ions  which  is  hundreds  of 
microseconds.  These  charged  species  are  efficiently  collected  at  biased  electrodes 
after  diffusing  through  the  air.  When  a  charged  particle  moves  between  two 
electrodes,  it  induces  changing  charges  on  the  electrode  surface,  resulting  in  a  current 
between  electrodes  that  is  monitored  by  the  pre-amplifier.  The  induced  current 
appears  as  soon  as  the  charge  is  created  and  starts  moving  and  continues  until  the 
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charged  particles  strike  the  electrodes  shown  in  Figure  1.2.  The  cations  approaching 
the  negative  electrode  and  anions  approaching  the  positive  electrode  are  both 
recorded  as  a  positive  current  flowing  from  the  negative  electrode  to  the  positive 
electrode.  These  ions  move  in  opposite  directions  in  response  to  the  electric  field  but 
produce  current  contributions  of  the  same  sign. 


represents  the  current  induced  by  moving  ions 


Figure  1.2.  Positive  ions  drift  to  the  cathode  while  negative  ions 
move  toward  the  anode,  inducing  the  current  in  the  external  circuit. 
The  current  begins  at  the  time  the  charge  starts  to  travel  and  ends 
when  the  charge  encounters  an  electrode.® 


In  this  work,  we  assume  an  ideal  situation  of  a  low  pressure  reduced  electric  field 
{E/P,  E  -  electric  field  and  P  -  gas  pressure)  between  the  electrodes.  As  E/P  is  low, 
the  energy  gained  in  a  single  flight  is  low  for  a  given  atom  or  molecule;^’®  therefore,  it 
is  reasonable  to  neglect  ionization  due  to  collisions.  In  addition,  the  applied  electric 
field  will  remove  most  of  the  charges  from  the  interaction  region  very  quickly. 
Consequently,  the  electric  field  will  limit  ionization  and  recombination  (the 
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neutralization  of  ionized  particles)  from  occurring  at  any  significant  rate.  At  room 
temperature,  the  thermal  ionization  is  so  small  that  we  can  ignore  it.  We  also  neglect 
the  influence  of  the  electric  fields  created  by  the  charged  particles  in  the  ion  swarm 
itself  (space  charge);  however,  the  model  shows  good  agreement  with  experimental 
results  for  low  ionization  concentrations. 

In  Chapter  2,  we  build  the  mathematical  model,  a  second-order  nonlinear  partial 
differential  equation  via  the  continuity  equation,  for  the  transport  of  positive  and 
negative  ions  produced  by  the  laser.  The  analytical  and  numerical  solutions,  the 
charge  number  densities,  to  this  second-order  partial  differential  equation  are  given 
for  two  infinite  parallel  electrodes.  At  the  end  of  this  chapter,  we  provide  the 
comparison  of  the  analytical  to  numerical  solutions  as  well  as  the  numerical  results 
to  the  experimental  results.  In  Chapter  3,  we  use  an  approach  similar  to  that  utilized 
in  Chapter  2  to  compute  the  charge  number  densities,  n+(r,  t)  and  n_(r,  t),  and  then 
solve  for  the  current  induced  by  laser-generated  ions  between  two  infinite  cylindrical 
electrodes.  Under  the  parallel  configuration,  we  treat  the  electric  field  as  a  constant 
since  the  influence  of  the  electric  field  created  by  laser-produced  ions  in  a  gas  is 
neglected.  However,  the  electric  field  is  not  constant  but  a  function  of  position, 
angle,  and  time  between  two  electrodes  under  the  cylindrical  situation.  The 
remainder  of  this  chapter  compares  the  theoretical  results  and  the  experimental 
waveforms.  Chapter  4  gives  a  brief  discussion  of  the  results.  Conclusions  and 
suggestions  for  future  work  are  also  given. 
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CHAPTER  2 


NUMERICAL  MODELING  FOR  PARALLEL 
FOR  CONFIGURATION 

In  this  chapter,  we  model  the  behavior  of  laser-induced  ions  in  a  gas  between  two  biased 
electrodes  and  the  current  generated  by  this  behavior.  The  model  is  based  on  solving  the 
continuity  equation  analytically  and  numerically  for  the  distributions  of  positive  and 
negative  ions  produced  by  laser  illumination.  In  this  chapter,  we  use  the  parallel  electrode 
configuration,  and  in  Chapter  3,  we  compute  the  same  equation  in  the  cylindrical  electrode 
configuration.  Once  we  know  the  distributions  of  ions,  we  can  proceed  to  calculate  the 
current  induced  by  these  ions.  We  use  the  following  notation  and  variables  throughout  this 
work: 

E  =  external  electric  field,  assumed  constant  and  uniform  between  two  parallel  plates; 
v+,v-=  drift  velocities  of  positive  and  negative  ions; 
n+,  n.  =  densities  of  positive  and  negative  ions; 

|r+,  p.  =  mobilities  of  positive  and  negative  ions,  assumed  constant; 

D+,  D-  =  diffusion  coefficients  of  positive  and  negative  ions,  assumed  constant; 
e  ~  -1.602  10'*^  C  =  electron  charge; 

Vo  =  voltage  applied  to  electrodes; 

xi  or  Pas  =  initial  position  of  laser  in  parallel  and  cylindrical  configurations,  respectively; 

Lo  =  distance  between  two  electrodes; 

a  =  width  of  laser-induced  ion  distribution,  assumed  equal  to  that  of  laser  pulse; 
i+  and  i.  =  current  created  by  laser-induced  positive  and  negative  ions; 
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i  =  total  current  equal  to 


2.1.  The  Reduction  of  Three  Dimensions  to  One 

For  modeling  the  motion  of  the  distributions  of  laser-induced  positive  and  negative 
ions  in  a  gas,  the  mathematical  description  of  this  motion  is  simplified  by  reducing 
three  dimensions  to  one  under  the  assumption  that  the  parallel  electrodes  are 
infinite.®  All  vector  quantities,  such  as  electric  field  and  ion  drift  velocities,  are 
treated  as  scalar  quantities  with  the  sign  denoting  their  directions.  Figure  2.1  shows 
a  two-dimensional  edge  view  of  three-dimensional  parallel  plate  electrodes.  After  the 
passage  of  time,  charged  particles  have  moved  to  the  positions  of  1+  and  /_ .  The 
laser-induced  ions  between  two  parallel  plates  will  create  their  own  electric  fields 
superimposed  on  the  external  electric  field.  For  simplicity,  the  electric  field  generated 
by  laser-induced  ions  will  be  neglected  because  of  the  low  ion  number  density  under 
normal  experimental  conditions.  The  laser  ionization  is  also  assumed  to  create  equal 
Gaussian  distributions  of  anions  and  cations,  at  time  t  =  0,  that  broaden  with  time, 
mainly  owing  to  the  effect  of  diffusion. 

—  4(x  — X; 

n±{x,0)^coe  ,  (2.1) 

where  a  is  the  width  of  charge  distribution  at  t  =  0  and  Cq  is  the  amplitude  of  the 
ion  distribution  at  t  =  0. 

2.2.  Influence  of  an  Applied  Field  on  Laser-Induced  Ions 

When  the  external  electric  field  is  applied  to  a  gas  in  which  ions  are  present,  an 
electric  force  acts  on  each  one  of  them.  Due  to  the  electric  forces,  the  ions  are 
accelerated.  If  they  move  in  a  complete  vacuum,  the  velocities  can  reach  very  high 
values.^’®  However,  in  a  gas  at  sufficiently  high  pressure  (e.g.,  ambient  pressure),  the 
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Figure  2.1.  A  cross  section  of  the  three-dimensional 
parallel  plate  electrodes.  Parallel  plate  electrodes  are 
at  a;  =  0  and  x  =  Lq.  A  laser  is  used  to  create  an  equal 
number  density  of  positive  and  negative  ions  centered 
at  Xi  at  the  initial  time.  Then,  positive  and  negative 
ions  move  in  opposite  directions  due  to  the  influence  of 
the  external  electric  fleld.  HV  stands  for  high  voltage 
source. 
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accelerated  ions  lose  their  energies  by  collisions  with  gas  molecules  and  reach  a 
terminal  velocity,  called  drift  velocity/  The  mobility,  //+,  of  an  ion  is  defined  as  the 
ratio  of  its  drift  velocity^’^’®  in  the  electric  field  direction  to  the  magnitude  of  the 
electric  field/  Thus,  for  any  positive  ion  or  negative  ion  in  a  gas,  the  mobility  is 

^  mVV-sec  (2.2) 

or 

—  ^  m^/V-sec  (2.3) 

E 

The  mobility  of  charged  particles  in  a  variety  of  gases  under  the  influence  of  an 
external  electric  field  has  been  studied  extensively,  theoretically  and 
experimentally.^’’^  Since  the  goal  of  this  work  is  only  to  build  a  mathematical  model 
for  describing  the  behavior  of  the  laser-induced  charged  particles  and  the  current  due 
to  this  behavior,  calculation  and  measurement  of  the  mobility  is  not  covered  in  this 
thesis.  For  simplicity,  we  treat  the  mobilities  of  positive  and  negative  ions  as 
constants. 

The  laser  pulse  width  is  typically  5-10  ns,  so  the  creation  of  electron-positive  ion 
pairs  can  be  considered  to  occur  instantly  relative  to  the  drift  times  of  ions.  The 
theory  for  electron  drift  motion  in  a  gas  within  an  external  electric  field  is  much 
more  complicated  than  for  ions,’^  mainly  because  the  mass  of  electrons  is  much  less 
than  that  of  ions;  that  is,  the  mobility  of  electrons  is  much  greater  than  that  of  ions. 
Electronegative  gas  molecules  with  one  or  two  electrons  deficient  in  their  outer  shell, 
such  as  O2,  tend  to  easily  attach  electrons.’'^  Therefore,  in  this  thesis,  we  study  the 
movement  of  negative  ions  (Oj)  and  their  contribution  to  the  induced  current 
instead  of  electrons. 
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2.3.  Effect  of  Laser-Produced  Ions  on  the  Field  and  the  External  Circuit 


When  the  production  of  positive  and  negative  ions  occurs  due  to  laser 
illumination,  the  external  electric  field  immediately  separates  these  ions,  positive  ions 
move  toward  the  cathode  and  negative  ions  to  the  anode.  An  additional  electric  field 
is  induced  because  of  these  ions  in  the  space  between  the  two  electrodes  called  space 
charge.  Thus,  in  Eqs.  2.2  and  2.3,  E  should  be  equal  to  the  superposition  of  the 
external  electric  field  and  the  electric  field  generated  by  space  charges.  However, 
under  the  condition  mentioned  at  the  beginning  of  this  chapter,  the  electric  field 
produced  by  laser-induced  ions  is  small  enough  that  we  can  ignore  it  relative  to  the 
applied  electric  field.  Figure  2.2  illustrates  the  induced  fiow  of  current  in  the  external 
circuit.  For  the  sake  of  simplicity,  only  a  single  positive  point  charge  is  shown.  This 
positive  ion  is  forced  to  move  toward  the  cathode.  The  negative  induced  charges  on 
the  surface  of  the  cathode  increase  and  decrease  on  the  opposite  electrode-anode. 
This  process  is  accompanied  by  the  fiow  of  charge  in  the  external  circuit.  A  similar 
argument  obviously  applies  to  a  negative  ion.  We  will  calculate  this  current 
analytically  and  numerically  by  using  the  continuity  equation  in  Section  2.4. 

The  relationship  between  the  electric  field,  E,  and  the  potential,  V,  is  given  by^° 

E  =  -VI/.  (2.4) 


If  there  were  no  free  charge  in  the  space  between  two  electrodes,  then  the  Laplace 
Equation  would  be 

V  •  E  =  -VV  =  0.  (2.5) 

For  one  dimension,  Eq.  2.5  simplifies  to 


^ 

dx  dx^ 


(2.6) 
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Figure  2.2.  A  schematic  diagram  that  illustrates  the  flow  of  current  in  the 
external  circuit  connecting  two  parallel  plate  electrodes  when  a  charge  is  caused 
to  move  in  a  direction  perpendicular  to  the  planes. 


With  the  boundary  conditions  V=0  at  x=0  and  V  =  V(j  Q.t  x  =  Lq  (shown  in 
Figure  2.1),  the  solution  to  Eq.  2.6  is 


E  =  - 


Lo 


(2.7) 


Our  choice  of  origin  causes  the  value  of  E  to  always  be  negative. 

In  order  to  determine  the  current  induced  by  laser-created  ions,  we  flrst  calculate 
the  surface  charges  induced  on  the  two  electrodes.  For  simplicity,  we  consider  the 
case  with  only  one  point  charge  between  two  parallel  plates.  Figure  2.3  shows  a 
positive  point  charge  at  position  xq.  We  refer  to  the  plate  at  a:  =  0  as  the  cathode 
and  the  plate  at  a;  =  Lq  as  the  anode.  The  positive  point  charge,  q,  results  in  the  two 
first-order  negative  image  charges,  qi  and  q2,  located  behind  two  parallel  plates  at 
=  —Xq  and  X2  =  2Lo  —  xq,  respectively.  The  induced  charges  on  both  the  cathode 
and  the  anode  were  given  by  using  the  Green  Reciprocity  Theorem  (as  explained  in 
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Figure  2.3.  The  image  charge  model  for 
charge  induction. 


Appendix  E)  : 


.Lo  —  xq. 

qi  =  -q[ — 

-^0 

12  = 


(2.8) 


where  qi  is  the  charge  induced  on  the  cathode,  q2  is  the  charge  induced  on  the  anode, 
and  xq  is  the  initial  position  of  point  charge  q.  The  surface  charges,  qi  and  q2, 
induced  on  the  two  parallel  plates  are  a  function  of  the  position,  xq,  of  the  positive 
point  charge.  In  other  words,  qi  and  52  change  with  the  position  of  charge,  q.  As 
point  charge  q  moves,  an  induced  current  flows  in  the  external  circuit  connecting  the 
two  electrodes.  By  differentiating  Eq.  2.8  with  respect  to  time,  the  current  of  the 
cathode  and  anode  is  then 


.  ^  ^  ^  q  fdxQ 

dt  W  dt’ 

.  _  ^  q  (dxQ 

dt  ~  Lo^  dt 


(2.9) 


where  dxg/dt  is  the  drift  velocity  of  the  positive  point  charge  from  electrode  2  to 
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electrode  1  shown  in  Figure  2.3.  According  to  Eqs.  2.2  and  2.3,  Eq.  2.9  is  now 
written 


*1 

*2 


Q  ,dxQ 
Lo  dt 


>  =  i”-  =  (t,i 


Lo^  dt  ’  Lo  ^ 


(2.10) 


J-'O, 


In  this  case,  the  drift  velocities  of  positive  and  negative  ions  are  constant  due  to  the 
fact  that  the  electric  field  and  mobilities  are  treated  cis  constants. The  current  that 
the  electric  field  and  mobilities  are  treated  as  constants  begins  at  the  time  the  charge 
starts  to  travel  and  ends  when  the  charge  encounters  an  electrode.® 


2.4.  Numerical  Modeling 

The  continuity  equation®’^®’^^  governs  the  time  dependence  of  the  charge  density, 
p,  at  each  point  in  the  space  between  two  electrodes.  The  general  relationship  for 
charge  is  given  by  the  continuity  equation. 


V-J±  +  ^  =  0,  (2.11) 

where  J  is  the  current  density.  J  can  be  described  in  terms  of  the  drift  motion  due  to 
the  external  electric  field  and  diffusion.  Both  charged  and  neutral  particles  move 
from  a  region  of  high  density  to  a  region  of  low  density.  The  current  density  for 
positive  ions,  J+,  is  represented  by^® 


J+  =  — eZ)+Vn+  +  e/x+n+E. 


(2.12) 


For  one  dimension,  Eq.  2.12  becomes 

=  — eD+Vn+  +  e/x+n+E,  (2.13) 
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where 


Vn+  = 


dn 


+ 


dx 


Substituting  Eq.  2.14  into  Eq.  2.13,  we  obtain 


J+  =  -eD+-^  +  e^i+n+E. 


(2.14) 


(2.15) 


By  inserting  Eq.  2.15  into  Eq.  2.11,  the  continuity  equations  for  the  positive  and 
negative  ions  become 


dn+  d  (  dn+' 


(2.16) 


5n_  d  f  ^  ^  5n_ 


(2.17) 


where  ion  recombination  and  ionization^  due  to  collisions  have  been  neglected,  and 
the  direction  of  the  external  electric  field  is  opposite  to  the  x  axis  shown  in  Figure 
2.1. 

Eqs.  2.16  and  2.17  are  solved  analytically  (Appendix  A)  to  give  the  charge 
densities  as  functions  of  time  and  position. 


n+(rr,^) 


CoCT 


\/<T^  +  16D+t 


4(x  —  xi  - 


(2.18) 


and 


n. 


.{x,t)  = 


CoCT 


+  16D-t 


4{x  —  xi-\-fx_  Ety 
cr2  +  l6Dlt 


(2.19) 


where  cq  is  the  amplitude  of  the  initial  charge  distribution.  Figure  2.4  shows  several 

positive  and  negative  ion  profiles  at  different  particular  times  for  an  initial  ion  charge 

distribution  centered  at  xi  =  0.404  cm  with  a  width  a  =  0.1  cm.  During  the 

movement  of  the  positive  ions  towards  the  cathode  and  the  negative  ions  towards  the 

anode,  both  the  positive  ion  and  the  negative  ion  distributions  expand,  and  their 
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amplitudes  decrease  due  to  diffusion.  It  is  obvious  that  the  distribution  broadens  as 
it  moves,  consequently  decreasing  in  amplitude  due  to  the  fact  that  the  integral  (or 
charge)  is  constant.  When  ions  reach  either  the  cathode  or  the  anode,  since  we 
assume  that  the  boundary  conditions  require  that  charge  density  be  zero  in  the 
electrodes,  the  ions  appear  to  traverse  the  cathode  or  the  anode  as  if  it  were 
“transparent”®  to  them  as  shown  in  Figure  2.4.  We  choose  ij,j^  =  1.36  volt“^  cm^ 
sec“\  fi-  =  1.82  volt“^  cm^  sec~\  D+  =  0.032  cm^  sec“\  and  D-  =  0.040  cm^  sec“^ 
for  both  analytical  and  numerical  calculations  for  the  parallel  plate  electrodes. 


Figure  2.4.  The  time  evolution  of  the  positive  and  negative  ion 
distributions.  The  amplitude  of  the  initial  ion  number  density,  cq,  is 
0.25.  We  choose  iJ,+  =  1.36  volf^  cm^  sec"^,  /i_  =  1.82  volt“^  cm^ 
sec“^,  D+  =  0.032  cm^  sec“^,  and  D-  =  0.040  cm^. 
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In  Section  2.3.,  the  current  induced  by  a  single  point  charge  was  calculated,  giving 
the  induced  current  proportional  to  the  charge  times  the  electric  field  and  mobility 
(shown  in  Eq.  2.10).  Since  the  charge  is  now  a  charge  distribution  rather  than  a 
single  point  charge,  it  is  apparent  that  the  current  induced  by  a  positive  charge 
distribution  is  an  integral  over  the  space  between  the  two  parallel  plates  (from  0  to 
Lo). 

z+(t)  =  [  en+{x,t)dx.  (2.20) 

Lq  Jo 

Substituting  Eq.  2.18,  n^{x,t),  into  Eq.  2.20,  we  obtain 


4(t)  = 


cpa 

Lq  >/cr2  -|-  SD+t 


e 


4(x  — Xf— 

<7‘^  +  16D+t 


(2.21) 


Let  y  =  i+(t)  becomes 


4  = 


2(LQ-Xl-^l^Et) 

2Lq  h(-xi-n+Et) 

^<72+16D+t 


e  dy 


H+Eeay/n 

4l^ 


( 2{Lo  -  XI  -  fi+Et)\ 
\  V'<t2  +  16D+t  J 


-  erf 


1 2{-xi  -  iJ,+Et)\ 
y  Y^cr^  +  16D+t  j 


(2.22) 


Similarly,  the  current  induced  by  the  negative  ions  is  given  by 


IJi-Eeaco\/ri 


/ 2(Z/o  —  xi-\-  fX-Et)  '\ 
y  \J(j^  i6Z)_t  J 


/  2{-xi  +  fi_Et)\ 

y  +  16D_t  j 


(2.23) 


The  total  current  induced  by  laser-produced  positive  and  negative  ions  is 


i  -t-  i- 

_  n+Eeacoy/ir  (  f  2{Lo  -  xi  -  fi+Et)\  _  ( 2{-xi  -  i^+Et)\  \ 

4Lo  y  +  16D+t  )  y  J  J  (2-24) 

U-Eeaco\fn  (  ( 2{Lo  -  xi pi-Et)\  (  2{-xi  +  ix-Et)\\ 

4Lo  T  ioKi  )  J  J  ■ 
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Figures  2.5  and  2.6  show  the  total  induced  current  corresponding  to  four  different 
initial  laser  positions  of  0.202  cm,  0.404  cm,  0.505  cm,  and  0.606  cm.  For  the  first 
waveform  at  0.202  cm  from  the  grounded  electrode,  the  positive  styrene  molecules 
travel  0.202  cm  to  reach  the  negative  (grounded)  collector  while  the  negative  oxygen 
molecules  (electrons  captured  by  oxygen)  must  travel  0.798  cm  to  the  positive 
electrode.  The  mobility  of  the  positive  ion  is  less  than  that  of  the  negative  ion,®42 
but  they  are  comparable.  Consequently,  the  current  induced  by  the  negative  ions  is 
delayed  in  time,  and  the  negative  ion  current  is  greater  than  the  positive  ion  current 
due  to  that  fact  that  the  mobility  is  proportional  to  the  drift  velocity.  As  the  laser 
beam  moves  further  from  the  grounded  electrode,  the  delay  of  the  negative  ions  is 
reduced. 

Now  we  use  the  numerical  method  to  solve  Eqs.  2.16  and  2.17  for  charge 
distributions  created  by  the  laser  and  then  obtain  the  time  dependence  induced 
current.  The  solution  domain  in  a:  —  t  space  is  covered  by  a  rectangular  grid,  with 
grid  spacing  of  Ax  and  At  in  the  x  and  t  directions,  respectively,  the  values  of  Ax 
and  At  being  assumed  uniform.  The  grid  consists  of  the  set  of  lines  parallel  to  the 
t-axis,  given  by  Xj  —  j  Ax,  and  the  set  of  lines  parallel  to  the  x-axis,  given  by 
tk  =  k  A  t,  as  shown  in  Figure  2.7.  Finite  difference  methods^^’^^’^^’^®  which 
determine  approximately  the  values  of  n±{x,t)  at  interior  points  will  be  developed. 
These  points,  with  coordinates(a;j,  4),  are  called  grid-points  and  are  denoted  (i.  A:). 
Those  points  on  the  boundary  of  the  edge  grid-points,  that  is,  those  for  which  j  =  0 
or  k  =  0,  are  called  boundary  grid-points.  The  following  notation  will  be  used  for  the 
value  of  n±{x,t)  and  its  derivatives  at  the  {j,k)  grid-point: 
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Figure  2.5.  The  time  evolution  of  three  current  profiles  induced  by 
the  positive  ions,  the  negative  ions,  and  both  of  them  at  the  laser 
positions  of  0.202  cm  and  0.404  cm.  The  amplitude  of  the  initial 
ion  number  density,  cq,  is  0.25.  We  choose  =  1.36  volt”^  cm^ 
sec“^,  [X-  =  1.82  volt”’^  cm^  sec“^,  D+  =  0.032  cm^  sec“^,  and 
D_  =  0.040  cm2. 
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xIO"® 


Figure  2.6.  The  time  evolution  of  three  current  profiles  induced  by 
the  positive  ions,  the  negative  ions,  and  both  of  them  at  the  laser 
positions  of  0.505  cm  and  0.606  cm.  The  amplitude  of  the  initial 
ion  number  density,  Co,  is  0.25.  We  choose  =  1.36  volt“^  cm^ 
sec“^,  //_  =  1.82  volt“^  cm^  sec“^,  =  0.032  cm^  sec“^,  and 
D.  =  0.040  cm2. 
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Figure  2.7.  The  finite  difference  grid  in  the  solution  region. 
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(2.25) 


n±  \’j  =  n±{xj,tk), 


dn 


±  ,k  ^  dn±{xj,tk) 
dt  dt 

dn±  _  dn±{xj,tk) 
dx  dx  ’ 

d'^n±  ^  _  d^n±{xj,tk) 
dx^  ^  dx"^ 

Note  that  the  superscript  k  indicates  the  time  level  and  the  subscript  j  indicates  the 
space  level.  One  way  of  approximating  the  value  of  and  at  the  (j,  k) 
grid-point  is  by  using  a  Taylor  series  expansion  of  n±  about  the  (j,  fc)  grid-point. 


dn±  ,fe_  n±  -n±  |J 


dt 


At 


+  0((A^)) 


(2.26) 


and 


5n±  -n± 


+  0{{Axr) 


(2.27) 


dx  ^  2  Ax 

These  equations  lead  to  the  forward  difference  approximation^^’^®’^®  to  the  first-order 
time  derivative  and  the  central  difference  approximation  to  the  first-order  spatial 
derivative^^’^® 

dn±  n±  If ' 


dt  At 

dn±  ,  n±  If  ^  -n±  |f  ^ 


(2.28) 

(2.29) 


dx  ^  2  Ax 

The  errors  in  using  the  right  side  of  Eqs.  2.30  and  2.31  for  the  values  of  ^  and 
are  0((At))  and  0((Aa:)^). 

In  a  similar  way,  the  central  difference  approximation^^’^®  of  the  second-order 
spatial  derivative  can  be  derived 


(2.30) 
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(2.31) 


dW  ,fc. .  If+i  -2n±  If  +n± 

92a;  (Aa;)2 

Consider  Eq.  2.16  evaluated  at  the  {j,k)  grid-point;  that  is, 


dn+ 


I?  +/*+£ 


dn 


+ 


dx 


d^n+ 

d'^x 


k 

3  * 


(2.32) 


If  the  central  difference  form,  Eq.  2.29,  is  used  for  the  spatial  derivative  in  the  drift 
term  with  the  forward  difference  form,  Eq.  2.28,  for  the  time  derivative  and  the 
central  difference  form,  Eq.  2.31,  for  the  second-order  derivative  in  the  diffusion 
term,  this  equation  becomes 


la 


2  Aa; 


=  D. 


n+  -2n 


I 

/+  Ij 


)  +n+  I  j-i 


(Aa;)^ 


+ 


0  ((Aa;)^) . 


(2.33) 


Dropping  the  terms  of  O  [(At)^  ,  (At)  (Aa;)^]  from  the  above  equation  yields  an 
explicit  finite  difference  equation^^’^®’^®  which  contributes  an  error  of 
O  [(At)^ ,  (At)  (Aa;)^]  to  the  discretization  error  (the  difference  between  the  true 
solution  of  the  partial  differential  equation  and  the  exact  solution  of  the 
approximating  finite  difference  equation)  at  each  time  step  and  can  be  used  to  solve 
Eqs.  2.16  and  2.17.  This  equation  is 

n±  |‘+‘=  (s  ±  \c\  +  (1  -  IS)  n+  Ij  +  (s  =F  \c\ |‘+„  (2,34) 


where  C  =  and  5  =  . 

From  Appendix  B,  the  condition  that  makes  the  numerical  solution  to  Eq.  2.34 
consistent  with  Eqs.  2.16  and  2.17  is 


At  <  min 


(  2D+  2D_  \ 


(2.35) 
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A  finite  difference  equation  is  regarded  as  being  consistent  with  a  partial  differential 
equation  if,  when  the  grid  spacing,  At  and  Ax,  goes  to  zero,  the  difference  equation 
(Eq.  2.34)  becomes  the  same  as  the  partial  differential  equation  at  each  point  in  the 
solution  domain. ^^44,15,18^  formal  consistency  analysis  will  be  discussed  in  Appendix 
B. 

Appendix  C  contains  the  source-code  listing  of  a  program  written  with  C-I-+, 
based  on  Eq.  2.34.  The  program  traces  the  time  history  of  either  positive  ions  or 
negative  ions  deposited  as  a  Gaussian  distribution  at  time  t  =  0.  Figure  2.8  shows 
several  positive  and  negative  ion  profiles  at  different  particular  times  for  an  initial 
ion  charge  distribution  centered  at  xi  =  0.404  cm  with  a  width  cr  =  0.1  cm.  How  the 


Figure  2.8.  The  time  evolution  of  the  positive  and  negative  ion 
distributions  computed  numerically.  The  amplitude  of  the  initial 
ion  number  density,  Cq,  is  0.25.  We  choose  //+  =  1.36  volt“^  cm^ 
sec“^,  /x_  =  1.82  volt“^  cm^  sec“^,  =  0.032  cm^  sec“^,  and 
D-  =  0.040  cm^. 
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ion  distribution  changes  with  time  is  in  the  same  manner  as  the  ion  distribution 
computed  analytically,  that  is,  the  expansion  and  amplitude  reduction  of  the  ion 
distribution  with  time. 

From  Eq.  2.34,  we  derive  the  charge  number  densities,  n+{x,t)  and  n-{x,t),  at 
each  time  step.  At.  By  using  Eq.  2.8,  we  can  compute  the  induced  charges  on  each 
electrode,  qtathode^  qtnode^  and  at  t  =  kAt 


=  I?  (A^) 


^cathode'' 


^anode 


(2.36) 


The  currents  flowing  out  from  both  the  electrodes  at  i  =  kAt  are  given 


^cathode 


k-\-l  _ k 

\k  _  ^cathode _ ^cathode 

'  “  At 


^ anode 


.  At 

^anode  I _  ^anode  I 

At 

■^E",  (-»+  ir*  +n+  IJ)  (^) 
At 


(2.37) 
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and 


^cathode 


\k  _  ^cathode _ ^cathode  I 


Ax 

'iV  /  _  ifc+l 


-<=EL(-n- 


-  I?)  (l  - 


Lo  J 


’'anode 


At 

^anode  I _  ^anode  I 

At 

-eE".  (-"-  ir  +n-  l‘)  (^) 


At 


(2.38) 


Note  that  the  current  flowing  out  from  the  cathode  is  not  equal  to  as  well  as  in 
opposite  sign  of  that  coming  out  from  the  anode. 

Finally,  the  total  induced  external  current  is  given  by  the  equation 


hotal  —  itotal  hotal 


cathode 


I 


anode 


)  cathode  ^  anode) 


(2.39) 


2.5.  Analytical  vs  Numerical  Results 

We  solve  Eqs.  2.16  and  2.17  for  the  laser-induced  charge  number  densities,  n+  and 
n_,  and  then  calculate  the  currents  corresponding  to  these  charges  by  using  the 
analytical  and  numerical  approaches.  The  analytical  result  is  compared  to  the 
numerical  result,  with  a  300  V  battery  used  to  bias  the  electrodes,  at  the  initial  laser 
positions  of  2.02  mm,  4.04  mm,  5.05  mm,  and  6.06  mm  in  Figures  2.9  and  2.10.  It 
should  be  emphasized  that,  since  the  numerical  approach^^'^*  used  in  Section  2.4.2 
decreases  the  effect  of  diffusion  term  by  an  amount  ^fx^E^At^^^  explained  in  detail 
in  Appendix  B  and  eventually  causes  an  error,  this  additional  term,  ^/ji^E'^At,  was 
added  to  the  diffusion  coefficients  of  the  positive  and  negative  ions,  respectively. 

Note  that,  since  the  laser  width,  the  mobilities  and  diffusion  coefficients  for  the 
positive  as  well  as  negative  ions  are  uncertain,  the  values  mentioned  above  are  used 
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Figure  2.9.  Total  induced  currents  computed  analytically  and 
numerically  with  voltage  300  V  for  the  initial  laser  position 
of  0.202  cm  and  0.404  cm.  The  amplitude  of  the  initial  ion 
number  density,  cq,  is  0.25.  We  choose  //+  =  1.36  volt”’^  cm^ 
sec“^,  =  1.82  volt“^  cm^  sec”^,  D_|_  =  0.032  cm^  sec“^,  and 
D_  =  0.040  cm2. 
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Figure  2.10.  Total  induced  currents  computed  analytically  and 
numerically  with  voltage  300  V  for  the  initial  laser  position  of  0.505 
cm  and  0.606  cm.  The  amplitude  of  the  initial  ion  number  density, 
Co,  is  0.25.  We  choose  =  1.36  volt“^  cm^  sec~^,  =  1.82  volt”^ 
cm^  sec“^,  Dj^  =  0.032  cm^  sec“^,  and  Z)_  =  0.040  cm^. 
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to  calculate  and  plot  the  figures  related  to  these  unknown  parameters. 

Figures  2.11-2.13  show  the  effect  of  varying  the  ion  mobility  and  the  diffusion 
coefficient  of  the  positive  ion.  As  a  consequence  of  E  being  constant,  the  current 
induced  by  the  ions  is  proportional  to  the  ion  mobility  (Eq.  2.10).  Therefore,  an 
increase  of  the  magnitude  of  the  ion  mobility  will  lead  to  a  proportional  increase  in 
the  induced  current  shown  in  Figure  2.11.  It  is  seen  in  Figure  2.12  that  increasing 
the  diffusion  coefficient  affects  the  current  slopes  in  such  a  way  that  the  current  slope 
increases  with  a  decrease  of  the  diffusion  coefficient.  Figure  2.13  shows  that,  when 
the  laser  width  becomes  larger,  the  slope  of  the  positive  ion  current  decreases. 


Figure  2.11.  The  current  induced  by  the  positive  ions  changes 
with  the  positive  ion  mobility  in  the  top  figure.  The  lower  figure 
shows  how  the  negative  ion  current  changes  with  the  negative 
ion  mobility  at  the  laser  position  of  5.05  mm  with  voltage  300 
V.  The  amplitude  of  the  initial  ion  number  density,  Cq,  is  0.25. 
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Figure  2.12.  The  current  induced  by  the  positive  ions  changes 
with  the  diffusion  coefficient  for  positive  ions  in  the  top  figure. 
The  lower  figure  shows  how  the  negative  ion  current  changes 
with  the  diffusion  coefficient  for  negative  ions  at  the  initial  laser 
position  of  0.505  cm  with  voltage  300  V.  The  amplitude  of  the 
initial  ion  number  density,  Cq,  is  0.25. 
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Figure  2.13.  The  total  ion  current  changes  with  the  laser  width 
at  the  laser  position  of  0.505  cm  with  voltage  300  V.  The  total 
number  of  positive  and  negative  ions  is  constant.  We  choose 
/!+  =  1.36  volt“^  cm^  sec“^,  /i_  =  1.82  volt”^  cm^  sec“^,  Z)+  = 
0.032  cm^  sec“^,  and  D_  =  0.040  cm^. 
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2.6.  Comparison  of  Numerical  Results  to  Experimental  Waveforms 


Representive  experimental  waveforms  and  their  corresponding  numerical  models 
are  shown  in  Figures  2.14  and  2.15  for  laser  positions  0.202  cm,  0.404  cm,  0.505  cm, 
and  0.606  cm  from  the  grounded  electrode.  For  the  first  waveform  at  0.202  cm  from 
the  grounded  electrode,  the  positive  styrene  molecules  travel  only  0.202  cm  to  reach 
the  negative  (grounded)  collector  while  the  negative  oxygen  molecules  (electrons 
captured  by  oxygen)  must  travel  0.798  cm  to  the  positive  electrode.  We  mentioned  in 


Figure  2.14.  Total  induced  currents  computed  numerically  and 
measured  at  ambient  pressure  with  voltage  300  V  for  the  initial 
laser  position  of  0.202  cm  and  0.404  cm.  The  amplitude  of  the 
initial  ion  number  density,  cq,  is  0.25.  We  choose  ^4.  =  1.36  volt“^ 
cm^  sec“^,  jjL-  =  1.82  voit“^  cm^  sec“^,  D+  =  0.032  cm^  sec“^,  and 
=  0.040  cm2. 
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Chapter  2  that,  since  the  electric  field  and  the  mobilities  of  the  positive  and  negative 
ions  are  regarded  as  constants,  both  the  positive  and  negative  currents  are  constant 
before  the  first  negative  ion  strikes  the  positive  electrode.  Afterwards,  the  current 
decreases  until  the  last  ion  reaches  the  positive  electrode.  As  the  ionizing  laser  beam 
is  moved  away  from  the  negative  electrode  (grounded),  the  positive  ions  travel 
further,  and  the  positive  ion  current  is  delayed  in  time. 


xIO'® 


Figure  2.15.  Total  induced  currents  computed  numerically  and 
measured  at  ambient  pressure  with  voltage  300  V  for  the  initial 
laser  position  of  0.505  cm  and  0.606  cm.  The  amplitude  of  the 
initial  ion  number  density,  cq,  is  0.25.  We  choose  =  1.36  volt"^ 
cm^  sec“^  /x_  =  1.82  volt“^  cm^  sec”\  D+  —  0.032  cm^  sec“^,  and 
£>_  =  0.040  cm^. 
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CHAPTER  3 


NUMERICAL  MODELING  FOR  CYLINDER 


In  this  chapter,  we  will  establish  the  model  for  the  behavior  of  laser-produced  ions 
in  an  applied  field  and  for  the  current  induced  in  the  external  circuit  by  this  behavior 
for  cylindrical  electrodes.  Figure  3.1  represents  the  three-dimensional  geometry  of 
cylindrical  plates.  The  cylindrical  situation  is  more  complicated  than  the  parallel 
plates  where  the  electric  field  is  constant  because  the  electric  field  under  cylindrical 
electrodes  is  changing  with  position  and  time;  that  is,  the  velocities  of  moving 
charges  vary  with  position  between  the  cylinders.  The  assumptions  that  we  will 
make  here  are  the  same  as  those  that  we  used  with  the  parallel  configuration  in 
Chapter  2.  We  solve  Eqs.  2.16  and  2.17  with  numerical  methods. 


Figure  3.1.  Cylindrical  configuration. 
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3.1.  Electric  Field 


Now,  we  compute  the  electric  field  for  the  cylindrical  situation.  Figure  3.2 
represents  a  two-dimensional  cross-section  of  the  three-dimensional  geometry 
between  two  cylindrical  electrodes.  Laplace’s  equation^^  for  the  scalar  electric 


Figure  3.2.  A  cross-section  of  the  three-dimensional 
geometry. 


34 


potential,  V,  in  cylindrical  coordinates  is 


1_5  /  ^ 

dr  \  y  d(p 


In  situations  in  which  the  length  dimension  of  the  cylindrical  geometry  is  large  in 
comparison  to  its  radius,  the  associated  field  quantities  may  be  considered  to  be 
approximately  independent  of  z.  In  such  cases,  —  0,  and  Eq.  3.1  becomes  the 
governing  equation  of  a  two-dimensional  problem: 

i_a  /  ^ 

r  dr  \  dr 


Applying  the  method  of  separation  of  variables,  we  assume  a  product  solution 


V  (r,  <p)  =  R  (r)  $  (0) , 


(3.3) 


where  R  (r)  and  #  {(p)  are,  respectively,  functions  of  r  and  <p.  By  substituting  the 
solution  to  Eq.  3.3  into  Eq.  3.2  ,  multiplying  by  r^,  and  dividing  by  R  (r)  $  (0),  we 
have 

R  (r)  dr[  dr  \ 

$  {(f>)  #2 

Figure  3.3  shows  a  cross-section  of  the  coaxial  cylindrical  electrodes.  We  also  assume 
no  ^-dependence  {k  —  0)  by  symmetry.  Eq.  3.4  then  simplifies  to 


r  d  '  dR{r)'  _ 
R  (r)  dr  ^  dr 


(3.5) 
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Figure  3.3.  A  cross-section  of  a  coaxial 
cylindrical  electrode. 


By  solving  Eq.  3.5,  we  have  a  solution  that  is  independent  of  either  z  ox  (f> 


V  {r)  =  Cilxxr  +  C2, 


(3.6) 


where  the  arbitrary  constants,  Ci  and  C21  are  determined  from  boundary  conditions. 


F(ri)  =  0 
V{r2)  =  V,. 


(3.7) 


Therefore,  the  electric  field  is 


Er  =  -VF  = 


(3,8) 


where  Cq  = 


--Fp-- 
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3.2.  Continuity  and  Diffusion  Equation 

The  continuity  equations®’®  regulating  the  time  dependence  of  charge  density  at 
each  point  in  the  space  between  two  cylindrical  electrodes  are  now  written 

—  =  -V  •  J±,  (3.9) 

where  J±  are  current  densities  (charges  per  square  centimeter  per  second).  The 
negative  divergence  of  the  current  density,  i.e.,  the  charge  flux  into  a  volume  element 
less  the  charge  flux  out  of  the  same  volume  element,  indicates  the  volumetric  rate  of 
number  density  increase  due  to  non-uniform  charge  transport.^ 

The  current  density  for  the  positive  ions  is  represented  as 


J+ - -eD+— r-eD+-— (^  +  eM+n+E,  (3.12) 

where  the  first  and  second  terms  are  diffusion  terms  that  represent  the  tendency  of 
any  particle  to  migrate  from  a  region  of  high  density  to  a  region  of  low  density  along 
r  and  0  directions.  Thus,  the  diffusional  terms  both  have  negative  signs  to  indicate 
migration  in  the  opposite  direction  to  the  density  gradient,  and  the  third  term  is  the 
field  transport  term.^ 
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The  divergence  of  the  current  density  is 


V- J+  = 


rdr^  r  d<t> 
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where  Co  —  Vo /In  .  Eq.  3.9  becomes 


_  n  -c 


dt 


dr^ 


£>+  -  jU+Co^  dn^  ^  D+  d'^n+ 


J  dr 


(3.14) 


The  continuity  equation  for  the  negative  ions  is  the  same  as  that  for  the  positive  ions 
except  for  the  direction  of  drift  movement.  Thus,  the  continuity  equations  are  given 

by 


dt  ^  dr‘^  V  ^  dcfP 

dn^  _  5^n_  (^-\  D^d^n^ 

dt  ~  dr'^  \  ^  J  9r  dcj)^ 


(3.15) 


where  A:+  =  D+  —  n+Co  and  fc_  =  D_  +  fi-Co- 

3.3.  Positive  and  Negative  Ion  Profiles  for  Laser-Produced  Charges 

We  make  the  assumption  that  laser  ionization  creates  equal  Gaussian  distributions 
of  positive  and  negative  ions  at  time  t  =  0.  Under  the  cylindrical  coordinate  system, 
the  initial  distributions  of  ions,  shown  in  Figure  3.4,  are  given  by 


where  I  =  r^,  the  center  of  the  laser  beam. 

Now,  we  solve  Eq.  3.15  using  the  finite  difference  method^^’^^’^®  in  a  similar  way  as 
we  did  in  Chapter  2  for  the  parallel  configuration.  The  following  notation  will  be 
used  for  the  value  of  n±{r,(j),t)  and  its  derivatives  at  the  (j,  s,n)  grid-point: 


Figure  3.4.  A  cross-section  of  the  three-dimensional 
geometry. 


n± 
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=  n±{rj 
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? 

d‘^n± 

in 

d'^n± 

[t j  1  (j)s 

5  ^n) 

dr^ 

dr^ 

where  rj  =  j  Ar,  (j)s  =  s  A  6,  and  =  n  A  t. 


We  consider  Eq.  3.15  evaluated  at  the  {j,s,n)  grid-point,  where  j,  s,  and  n  are 
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position,  angle,  and  time,  respectively;  that  is, 
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(318) 


In  the  same  way  as  in  Chapter  2,  the  central  difference  approximation  to  the 
first-order  spatial  derivative^^’^®’^®  can  be  derived 


9n± 

dr 


n± 


n 

j+l,s 


1,5 


2  Ar 


+  0{{Arn 


(3.19) 


The  central  difference  approximation  (finite  difference)  to  the  second-order  spatial 
derivative^^’^®’^®  is  based  on  the  relation 
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lj+1,8  \ls  +n± 

(Ar)^ 

\ls+i  -2n±  1^,,  +n^ 
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+  0((Ar)^) 
+  O((A0)2). 


(3.20) 


The  forward  difference  approximation^^’^®’^®  to  at  the  {j,  s,  n)  grid-point  is 


^  in 

dt 


n± 


|n+l 
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r 

b,« 


At 


+  0((At)), 


(3.21) 


which  leads  to  the  forward  difference  approximation. 

The  reason  why  the  central  difference  approximation  is  used  here  is  that  the  error 
in  using  the  central  difference  approximation  for  the  values  of  the  first-  and 
second-order  spatial  derivatives  is  O  ((Ar)^),  which  is  smaller  than  the  error, 

O  (Ar),  in  using  the  forward  difference  approximation  for  Ar  1. 
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Using  Eqs.  3.19,  3.20,  and  3.21,  Eq.  3.18  becomes 
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(3.22) 


n_  -n_  //  A  XN  li+is  -2^^-  |?s  +w-  |?_i 

- ^  +  0{{At))  =  D-  ^ 


At 


+  A:_ 


n-  l"+i,.  -n-  \]-i,s 


I” 

i:/,5 


+ 


_  n 

r2  j^s 


2  Ar 
lj..+i  -2n-  1^,,  +n_ 
(A(/.)2 


+  O((A0)^(Ar)2). 


(3.23) 


By  dropping  the  terms  of  0{At,  (Ar)^  ,  (A^)^)  from  the  above  equation,  an  explicit 
finite  difference  equation,^^’^®  which  can  be  used  to  solve  Eq.  3.18,  is  obtained.  This 
equation  is 


(3.24) 


where 
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(3.25) 


Appendix  D  contains  the  source-listing  of  the  Matlab  program  based  on  Eq.  3.18. 
This  program  is  designed  to  trace  the  time  history  of  both  charged  particles 
deposited  as  a  Gaussian  distribution  and  the  current  induced  by  the  moving 
laser-produced  ions  in  the  space  between  two  cylindrical  electrodes.  The  user  is 
asked  by  the  program  to  supply  the  initial  position  and  distribution  width  of  the 
laser-produced  charges.  The  program  is  written  to  accommodate  positive  and 
negative  ions  simultaneously,  and  the  program  writes  output  to  “comma-separated 
variable”  (filename. m)  files  for  graphic  display. 


3.4.  The  Current  Induced  by  Laser-Produced  Charges 


In  this  section,  we  focus  on  computing  the  current  induced  by  the  moving 
laser-produced  charges  using  numerical  methods.  Now,  we  recall  the  Poisson 


equation^ 


VV  = 


(3.26) 


where  p  is  the  charge  density,  V  is  the  electric  potential,  and  cq  is  the  permitivity  of 
free  space.  In  the  cylindrical  coordinate  system,  Poisson’s  equation  becomes 


i_a  /  ^ 

r  dr  \  dr  )  r^  d4>’^  dz^ 


e  (n+  —  n_) 


(3.27) 


where  we  have  used  the  number  density  of  positive  ions,  n+(cm“^),  and  negative 
ions,  n_  (cm“^),  along  with  the  charge  on  a  proton,  e,  in  place  of  the  charge  density, 
p,  of  Eq.  3.26.  If  the  length  dimension  of  the  cylindrical  geometry  is  large  in 
comparison  to  its  radius,  the  associated  field  quantities  may  be  considered  to  be 
approximately  independent  of  z.  Eq.  3.27  then  becomes 


r  dr  \  dr  )  ^  r^  d<p 


e  (714.  —  n_) 


(3.28) 
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or 


d’^Y  1^  1  d'^V 

Qy.2  <f  Qr  J'2  Qfjp, 


e  (n+  —  n_) 
Co 


(3.29) 


The  solution  domain  in  r  —  ^  space  is  segmented  by  circle  grids  and  radial  lines 
since  the  potential  and  the  magnitude  of  the  electric  field  are  dependent  on  the 
variables,  (j)  and  r.  The  values  of  Ar  and  A0  are  assumed  uniform  as  shown  in 
Figure  3.5.  Consider  Eq.  3.29  evaluated  at  the  {j,s,n)  grid-point;  that  is, 


d'^V 

dr"^ 
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Co 


(3.30) 


where  j,  s,  and  n  are  given  by  Vj  =  jAr,  =  sA^,  and  tn  =  nAt,  respectively.  If 
the  central  difference  approximation  is  used  for  both  the  first-order  and  the 
second-order  derivatives, the  above  equation  becomes 


l”«,.  -SV'  I?,.  V  -1/ 


(Ar)^  '  r  2  (Ar) 

1,.  ^^&±LZ?h%lhfcl^O((Arf,(A#) 


(A0)^ 


(3.31) 


e  (n+  1^,,  -n_ 


Co 


Note  that  the  superscript  n  indicates  the  time  level,  and  the  subscripts  j  and  s 
indicate  the  space  and  angle  levels.  We  solve  Eq.  3.30  for  the  distribution  of  the 
potentials  between  the  two  cylindrical  electrodes  and  then  calculate  the  distribution 
of  the  electric  fields  corresponding  to  these  potentials.  Figure  3.5  shows  the 
distribution  of  both  the  electric  fields  and  the  potentials  between  two  cylindrical 
electrodes. 
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Figure  3.5.  Distribution  of  the  electric  fields  and  the  potentials. 
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By  dropping  the  error  term  of  O  ((Ar)^  ,  Eq.  3.31  now  becomes 


1^+1.  -2^  I".  1^1,.  ,  1  ^  1^1.  1^1, 
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r  2(Ar) 
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(3.32) 


eo 


Multiply  both  sides  of  Eq.  3.32  by  (Ar)^;  substitute 
r  ri  +  kAr  =  {Ni  +  k)Ar  =  jAr  into  Eq.  3.32;  and  then  obtain 

,,  l”«,.  I”-:,.  ,  !?,.«  -21'  I”,.  +1^  I”, -I 

V  Ui,-  -2V  li,.  +V  Ij-u  +  2^  + 
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1?,  1  -2 

1+  ^2 

0)S-1 

V  ” 


e  (Ar) 
eo 


K  I”,.  \ls)  > 


(3.33) 


(3.34) 


where  j  =  1,  2,  3, ...,  —  1;  s  =  1,  2, 3, ...,  N';  ri  is  the  radius  of  the  inner  cylinder; 

and  Ni  =  ^.  Note  that  the  boundaries  are  at  =  0  and  j  =  N  +  1,  that  is,  V  [0  5=  0 
and  V  Vq.  Eqs.  3.34  can  be  written  at  the  time  t  =  nAt. 
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We  can  solve  Eq.  3.34  for  the  potential  distributions  in  the  space  between  two 
cylindrical  electrodes.  We  also  have  the  relationship  between  the  electric  field  and 
potential^^  as  follows 


dV  IdV '' 

E(r,«  =  -VV=--r--^0.  (3,42) 

By  evaluating  Eq.  3.42  at  the  grid-point  {j,s,n),  we  then  get 

EAr,'P)\l.=  ~\%-  (3.43) 

It  is  easy  to  calculate  the  radial  distribution  of  the  electric  fields  based  on  the 
following  relation  using  the  central  difference  approximation  to  the  first  order 
potential  derivative  with  respect  to  both  r  and  <p  at  the  particular  time  t  =  nAt. 

(3.44) 

where  j  =  1, 2, 3, ...,  N  and  s  =  1, 2, 3, ...,  N'.  By  dropping  the  term  of  O  ((Ar)^) 
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from  Eq.  3.44,  an  explicit  finite  difference  equation  is  obtained 

T/  |n  —V  1” 

t:!  in 

"  2  (Ar) 

(3.45) 

Now,  we  use  the  electric  field  close  to  the  inner  cylinder  {Er 

surface  charges  induced  by  the  moving  laser-produced  charges  on 

using  Gauss’  law  at  given  time  tn  —  nAt  as  follows 

)  to  calculate  the 

the  inner  cylinder 

(f  enclosed^ 

J  all— surf  ace  ^0 

(3.46) 

s=N' 

Q["=  ^L(r,+jAr)(Afl£;,  IJ., 

5=1 

(3.47) 

or 

s=N' 

Qir=2^L(ri  +  Ar)  (A,«B, 

(3.48) 

5  =  1 


where  L  is  the  length  of  the  cylinder,  j  is  from  1  to  AT,  s  is  from  1  to  A^',  and  ^  is 
from  0  to  TT.  Similarly,  we  can  calculate  the  induced  charges  on  the  surface  of  the 
inner  cylinder  at  the  time  t  =  {n  +  l)At 

s=N' 

Q  2Y^L{n  +  Ar)  (Ac/.)  Er  .  (3.49) 

5  =  1 

The  current  induced  by  moving  charges  from  =  nAt  to  tn+i  =  (n  +  1)  AHs 

Q  ir'  -Q 1? 

'dinner  —  a  , 


The  induced  charges  on  the  surface  of  the  outer  cylinder  are  calculated  through 
using  Eq.  3.46  at  t  =  nAt.  If  we  choose  the  Gaussian  surface  within  the  outer 
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cylinder  that  is  a  perfect  conductor,  then  we  get 
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J  all-surf  ace 
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(3,51) 


Q enclosed  Q inner  Q between— cylinder  Q outer 


(3.52) 
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(3.53) 


where  Q^etween-cyiinder  ~  ^he  Current  flowing  out  from  the  outer  cylinder 

from  t  =  nAt  to  t  “  (n  +  1)  is 
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/^n+l  _ 

outer  ^  outer 


At 


(3.54) 


The  total  current  is  given 


•n  _  -n  _  -n 

^total  ^inner  *' outer  * 


(3.55) 


Appendix  D  contains  the  source-listing  of  the  Matlab  program,  based  on  Eq.  3.34. 
This  program  is  written  to  keep  track  of  how  the  current  induced  by  laser-produced 
charges  changes  with  time. 


3.5.  Comparison  of  Numerical  Results  to  Experimental  Waveforms 

Figures  3.6-3.10  show  the  computed  current  induced  by  the  positive  and  negative 
ions,  compared  to  the  experimental  waveforms,  for  laser  positions  of  1  mm,  2  mm, 

3  mm,  4  mm,  and  4.5  mm  from  the  center  of  the  cylinder.  For  the  first  figure,  at  1 
mm  from  the  center,  the  positive  styrene  molecules  move  only  0.95  mm  (radius  of 
inner  cylinder:  0.05  mm)  to  reach  the  grounded  electrode  while  the  negative  ions 
travel  a  much  longer  distance  (4  mm)  to  arrive  at  the  positive  electrode  (outer 
cylinder) .  The  current  induced  by  the  positive  ions  reaches  a  maximum  in  a  very 
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Figure  3.6.  The  positive  ion  and  negative  ion  currents  computed 
numerically  at  initial  laser  position  of  1  mm  are  shown  in  the 
top  figure.  The  lower  figure  compares  the  total  induced  current 
calculated  numerically  to  that  measured  at  ambient  pressure  with 
a  100  V  bias  for  the  initial  laser  position  of  1  mm.  The  calculation 
parameters  were  cq  =  0.25,  =  1.36  volt“^  cm^  sec“^,  fx-  = 

1.82  volf^  cm^  sec"’^,  £)+  =  0.032  cm^  sec~^,  and  =  0.040 
cm^. 
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short  time  and  then  goes  to  zero.  Since  the  electric  field  increases  as  ^  approaching 
the  inner  cylinder  and  the  drift  velocity  is  proportional  to  the  electric  field,  it  is  seen 
that  the  magnitude  of  the  positive  ion  current  is  greater  than  that  of  the  negative  ion 
current,  and  the  increase  of  the  positive  ion  current  is  faster  than  the  decrease  of  the 
negative  ion  current.  As  the  laser  is  moved  away  from  the  inner  cylinder,  the  positive 
ions  travel  farther,  and  the  positive  ion  current  is  delayed  in  time.  For  Figures  3.9 
and  3.10,  the  total  current  first  drops  slowly.  The  shapes  of  the  induced  current 
curves  in  Figures  3.6-3.10  are  determined  by  the  combined  effects  of  the  mobilities 
and  the  radially  dependent  electric  field.  As  seen  in  these  figures,  the  numerical 
model  gives  a  good,  qualitative  interpretation  of  the  experimental  waveforms.  The 
physical  process  of  the  induced  current  is  nicely  illustrated  by  Figures  3.6-3.10  where 
the  positive  ion  current,  the  negative  ion  current,  and  the  total  current  between  the 
cylindrical  electrodes  are  plotted  according  to  calculations  based  on  equations  related 
to  the  induced  current  (Chapter  2). 

It  must  also  be  emphasized  that  several  parameters,  such  as  the  mobilities, 
diffusion  coefficients  of  both  positive  and  negative  ions,  and  laser  width,  are  not 
precisely  known.  In  Figure  3.11,  it  is  observed  that  the  current  slopes  decrease  with 
an  increase  of  the  diffusion  coefficients  in  the  same  manner  as  the  parallel 
configuration.  Figure  3.12  shows  how  different  values  of  the  positive  and  the  negative 
mobilities  affect  the  shape  of  the  induced  current  curve.  As  the  mobilities  increase, 
the  drift  velocities  also  increase,  resulting  in  a  narrower  peak  with  a  larger  maximum 
current.  For  Figure  3.13,  as  the  laser  width  varies,  the  width  of  the  induced  current 
peak  varies  proportionately  as  expected.  Since  experiments  have  been  done  in  nearly 
the  same  conditions  for  both  parallel  and  cylindrical  configurations,  the  same  values 
of  these  parameters,  mobilities,  diffusion  coefficients,  laser  width,  and  amplitude  of 
the  initial  ion  distribution,  as  those  applied  in  the  parallel  case  (Chapter  2)  are 
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Figure  3.7.  The  positive  ion  and  negative  ion  currents  computed 
numerically  at  initial  laser  position  of  2  mm  are  shown  in  the 
top  figure.  The  lower  figure  compares  the  total  induced  current 
calculated  numerically  to  that  measured  at  ambient  pressure  with 
a  100  V  bias  for  the  initial  laser  position  of  2  mm.  The  calculation 
parameters  were  co  =  0.25,  /j,+  =  1.36  volt”^  cm^  sec“^,  H-  — 
1.82  volf^  cm^  sec“^,  £)+  =  0.032  cm^  sec“^  and  =  0.040 
cm^. 
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Figure  3.8.  The  positive  ion  and  negative  ion  currents  computed 
numerically  at  initial  laser  position  of  3  mm  are  shown  in  the 
top  figure.  The  lower  figure  compares  the  total  induced  current 
calculated  numerically  to  that  measured  at  ambient  pressure  with 
a  100  V  bias  for  the  initial  laser  position  of  3  mm.  The  calculation 
parameters  were  cq  =  0.25,  =  1.36  volt~^  cm^  sec“^,  = 

1.82  volt“^  cm^  sec“^,  £)+  =  0.032  cm^  sec“^,  and  D-  =  0.040 
cm^. 
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Figure  3.9.  The  positive  ion  and  negative  ion  currents  computed 
numerically  at  initial  laser  position  of  4  mm  are  shown  in  the 
top  figure.  The  lower  figure  compares  the  total  induced  current 
calculated  numerically  to  that  measured  at  ambient  pressure  with 
a  100  V  bias  for  the  initial  laser  position  of  4  mm.  The  calculation 
parameters  were  cq  =  0.25,  =  1.36  volt“^  cm^  sec“^,  = 

1.82  volt“^  cm^  sec~^,  D+  =  0.032  cm^  sec"^,  and  =  0.040 
cm^. 
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Figure  3.10.  The  positive  ion  and  negative  ion  currents  computed 
numerically  at  initial  laser  position  of  4.5  mm  are  shown  in  the  top 
figure.  The  lower  figure  compares  the  total  induced  current  calculated 
numerically  to  that  measured  at  ambient  pressure  with  a  100  V  bias 
for  the  initial  laser  position  of  4.5  mm.  The  calculation  parameters 
were  cq  =  0.25,  =  1.36  volt“^  cm^  sec“^,  =  1.82  volt“^  cm^ 

sec“^,  £>+  =  0.032  cm^  sec~^,  and  D-  —  0.040  cm^. 
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Figure  3.11.  Same  as  Figure  3.7  showing  the  influence  of  choosing 
different  diffusion  coefficients  on  the  induced  current. 


Figure  3.12.  Same  as  Figure  3.7  showing  the  influence 
of  choosing  different  mobilities  on  the  induced  current. 
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Figure  3.13.  The  influence  of  choosing  different  laser 
widths  on  the  induced  current. 


chosen;  that  is, 


=  1.36 

D+  =  0.032  cm^s~^ 

—  1.82  c'm?V~^s~^ 
D-  =  0.04  cw?s~^ 
a  =  0.1  cm 
Co  =  0.25. 


(3.56) 


These  parameters  may  be  dependent  on  the  operating  conditions.  For  example,  the 
mobility  for  negative  oxygen  molecules  has  been  measured,®’^^  but  the  effective 
mobility  in  the  experiments  may  differ.  When  negative  oxygen  molecules  are  present 
in  the  cell,  a  reaction  may  take  place  where  the  ions  form  clusters;  that  is,  water 
molecules  stick  to  O2  to  form  {H20)n02,  where  n  represents  the  number  of  water 
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molecules  sticking  to  Oj.  The  extent  of  water  molecule  clustering  that  happens 
under  our  experimental  conditions  is  not  clear;  however,  the  values  of  the  parameters 
used  in  modeling  are  in  a  reasonable  range.®’®’®’^^  Hayhurst  et  al.^®  reported  two 
mobilities  of  2.38  cm^  V~^  s~^  and  2.27  cm^  V~^  s~^  for  negative  ion  oxygen  at  room 
temperature  (25°C')  under  dry  and  wet  conditions.  Kolaitis  and  Lubman^®  measured, 
analyzed,  and  compared  the  ion  mobilities  using  both  radiactive  and  laser  ion  sources 
to  ionize  the  molecules  in  a  gas.  After  the  ions  produced  by  laser  are  formed,  they 
could  react  with  the  components  of  a  gas  to  form  other  ions  at  ambient  pressure.  For 
example,  positive  styrene  ions  (M''")  in  air  could  react  with  the  components  of  air  to 
form  other  ions,  such  as  MH"'',  (M-H)+,  and  (M-2H)'*'.  These  combinations  would 
result  in  different  values  of  mobilities  for  the  styrene  ions.  However,  generally,  the 
difference  between  these  different  ions  is  not  large.  We  have  measured  the  mobility 
for  styrene  ion  in  a  drift  tube  as  approximately  1.70  cm^  V~^  s~^  at  25°C'  in 
atmospheric  pressure  air.  In  future  work,  we  will  measure  the  mobilities  and  diffusion 
coefficients  of  the  positive  styrene  molecules  as  well  as  the  negative  oxygen  molecules. 
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CHAPTER  4 


DISCUSSION  AND  CONCLUSION 


4.1.  Discussion 

The  numerical  approach  described  in  Chapters  2  and  3  is  the  explicit  finite 
difference  method. ^^^5  time  level,  t  =  (n  +  1)  At,  the  finite  difference 

equations  (Eqs.  2.34  and  3.24)  contain  the  one  unknown  value,  n±  which  is 
calculated  explicitly  from  values  known  at  previous  time  levels.  This  approach  is  easy 
to  program  and  requires  few  computations  to  determine  the  values  of  n±  at  each 
new  time  level.  Unfortunately,  this  method  is  restricted  to  very  small  time  steps,  At 
In  general,  this  approach  is  not  very  stable. In  ongoing  work,  we  intend  to  use 
the  implicit  finite  difference  in  order  to  make  the  numerical  computation  more  stable. 

We  considered  this  model  in  two  different  cases,  the  parallel  and  the  cylindrical 
electrode  configurations.  In  both  cases,  it  is  reasonable  to  neglect  the  influence  of 
ionization  due  to  ion  collisions  and  recombination  in  a  gas  on  the  induced  current  in 
an  ideal  situation  in  which  E/P  {E:  electric  field  between  two  electrodes  and  P:  gas 
pressure)  is  low  and  the  laser-induced  ion  number  density  is  small.  However,  in 
general,  this  ideal  situation  is  not  satisfied,  and  we  will  include  the  effect  of 
ionization  and  recombination  due  to  ion  collisions  in  future  work. 

In  addition,  since  the  time  scale  for  electron  attachments^  is  nanoseconds  and  the 
time  scale  for  the  measured  ion  drift  is  microseconds,  we  can  make  the  assumption 
that,  as  soon  as  a  free  electron  is  available,  it  immediately  attaches  to  an  oxygen 
molecule  to  form  a  negative  ion. 

For  modeling  the  motion  of  the  distributions  of  laser-induced  ions  in  the  parallel 
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configuration,  the  mathematical  description  is  simplified  by  reducing  the  three 
dimensions  to  one.^  However,  in  the  cylindrical  case,  two  dimensions  were  applied  to 
the  numerical  model. 

In  both  parallel  and  cylindrical  configurations,  we  assumed  that  the 
laser-generated  ion  number  density  is  small  enough  to  ignore  the  effect  of  the  electric 
field  produced  by  the  space  charges  between  the  two  electrodes  while  we  calculate 
the  ion  number  densities,  n+  and  n_.  Under  this  assumption,  E  of  Eqs.  2.16,  2.17, 
and  3.13  is  equal  to  the  external  electric  field.  However,  E  is  equal  to  the 
superposition  of  the  external  electric  field  and  the  electric  field  induced  by  space 
charges  between  the  two  electrodes. 

The  space  charge  effects  seen  in  the  experimental  parallel  data  of  Figure  4.1  can  be 
explained  qualitatively  as  follows. 

Region  A  For  a  very  short  time  (from  0  to  approximately  0.1  ms),  the  positive  ion 
and  negative  ion  swarms  are  overlapped.  If  we  assume  that  charge  is 
distributed  uniformly  throughout  the  volume  of  the  infinitely  long  swarm 
cylinders,  then  the  electric  field  in  the  overlap  region  is  given  by 

E  =  -i-M  (4.1) 

ZCo 

where  d  is  the  distance  between  the  centers  of  the  swarm  cylinders  and  E 
opposes  the  external  field.  For  our  conditions,  it  ranges  from  0  Vjcm  at  time  0 
to  80  V/cm  at  time  0.1  ms  {d  =  0.9  mm)  when  they  barely  overlap  compared 
to  the  applied  external  field  of  300  V/cm.  Since  the  directions  of  the  electric 
field  induced  by  the  ion  swarms  and  the  applied  external  field  are  opposite,  the 
total  electric  field  is  reduced  in  the  overlap  region.  Consequently,  the  drift 
velocities  of  the  positive  and  negative  ions  decrease,  resulting  in  the  reduction 
of  the  induced  current  (Eq.  2.10). 
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Figure  4.1.  This  figure  compares  the  total  induced  current 
calculated  numerically  to  that  measured  at  ambient  pressure 
with  a  300  V  bias  for  the  initial  laser  position  of  5.05  mm. 
The  calculation  parameters  were  Cq  =  0.25,  //+  =  1.36  volt“^ 
cm^  sec“^  n-  =  1.82  volt”^  cm^  sec“^,  D+  =  0.032  cm^ 
sec“^,  and  D_  =  0.040  cm^. 
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Region  B  After  separation,  the  electric  field  due  to  one  swarm  at  the  center  of  the 


other  will  be 


E  = 


pB? 

2end’ 


(4.2) 


where  R  is  the  radius  of  ion  swarm  cylinders.  Since  this  electric  field,  which  has 
a  value  of  25  V/cm  at  d  =  1  mm  and  5.6  Vicm  at  d  =  0.44  cm,  is  opposite  to 
the  external  electric  field  and  decreasing  with  time,  the  total  electric  field  is 
increasing.  Consequently,  the  drift  velocities  of  the  positive  and  negative  ions 
are  now  slowly  increasing,  causing  an  increase  of  the  induced  current. 


Region  C  Within  the  swarm,  the  electric  field  at  point  r  due  to  the  other  charges  in 
the  swarm  is  given  by 


(4.3) 


The  value  of  this  electric  field  varies  from  0  at  the  center  of  the  swarm  to 
49  V/cm  at  r  =  0.5  mm.  This  electric  field  within  the  swarms  results  in 
broadening  of  the  swarm  in  addition  to  the  diffusion  effect.  In  other  words,  the 
slope  in  Figure  4. 1C  becomes  smaller. 


We  plan  to  incorporate  additional  effects  into  the  model,  including  recombination, 
space  charge,  and  free  electron  attachment  rate.  We  further  plan  to  measure  the 
mobility  and  the  diffusion  coefficients  of  the  positive  and  the  negative  ions  by 
optimizing  the  numerical  model  fit  to  experimental  data. 


4.2.  Conclusion 

We  have  developed  a  model  for  the  behavior  of  laser-produced  ion  distributions 
and  for  the  subsequent  induced  current  flow  in  an  external  circuit  connected  to  the 
biased  electrodes.  This  model  allowed  the  quantitative  determination  of  the  time 
evolution  of  the  induced  current  and  the  laser-generated  ion  distributions  in  the 
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presence  of  an  applied  electric  field.  The  numerical  solutions  provided  the  picture  of 
the  laser-induced  charge  distributions  moving  in  a  gas  between  parallel  plates  as  well 
as  cylindrical  electrodes  and  the  measured  induced  current  behavior  with  time.  A 
numerical  model  was  first  established  to  describe  the  laser-induced  charge 
distributions,  n+  and  n_,  and  dynamics  of  the  positive  and  negative  ions  between 
the  parallel  plate  and  cylindrical  electrodes. 

We  described  the  model  in  two  different  cases,  parallel  and  cylindrical 
configuration.  In  the  first  case,  both  the  analytical  and  numerical  approaches  are 
used  to  solve  for  the  charge  distribution  and  consequent  induced  current.  They 
showed  good  agreement  with  the  experimental  results.  In  the  second  one,  the 
numerical  method  was  applied  to  calculate  the  charge  distributions  and  induced 
current  as  a  function  of  time.  It  is  also  shown  that  the  variation  of  the  total  current 
induced  by  the  laser-generated  positive  and  negative  ions  results  mainly  from  the 
positive  current.  The  modeling  was  greatly  simplified  by  making  the  assumptions 
mentioned  above;  however,  the  theoretical  results  demonstrated  good  agreement  with 
experimental  results. 
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APPENDIX  A 


ANALYTICAL  SOLUTIONS  OF  EQS.  2.16  AND  2.17 


—  —  —  I  +ij,^En+  —  D+ 

+IJ,^En-  —  Z)_ 


dt  dx  \ 

dn-  d 


dx 

dri- 


(A.l) 

(A.2) 


dt  dx  \  '  ^  dx 

Laser  ionization  is  assumed  to  create  equal  Gaussian  distributions  of  positive  and 
negative  ions  at  time  t  =  0. 


—  4(x~xi 

n+  (x,  t  =  0)  =  Coe  , 


(A.3) 


where  cq  represents  the  amplitude  of  the  ion  distribution  at  i  =  0. 
The  Fourier  Transform, of  n+{x,t)  is  defined  as 


1  r°° 
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Multiply  both  sides  of  Eq.  A.l  by  and  integrate  with  respect  to  x  from  — oo 

to  oo  to  obtain 
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(A.5) 


or 


^iV+(A,  t)  =  -X^D+N+iX,  t)  +  tx+EXN+{X,  t)i  (A.6) 
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or 


dN+ 


—  ^ — A^Z)-|-  +  dt. 
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The  Fourier  Transform  of  the  positive  number  density  is 

N+{X,t)  =  iV+(A,t  = 

where  N^{X,t  =  0)  is  the  Fourier  Transform  of  n+{x,t  =  0)  (A. 3);  that  is, 

1  r°° 
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where  n+{x,  t  =  0)  —  c^e 

To  solve  for  n^{x,t),  we  take  the  inverse  the  Fourier  Transform  of  Eq.  A. 4 
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To  evaluate  the  inner  integral,  let  o  =  \/D+t  and  b  —  i[{s  —  x)  +  fx+Et]]  that  is. 
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Let  r°°  e  =  /;  then 
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Eq.  A.  11  now  becomes 
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By  inserting  Eq,  A. 13  into  Eq.  A,  10,  we  obtain 
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Since  f°°  e  —  —e*^,  Eq.  A. 14  becomes 
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Similarly,  the  solution  for  a  negative  charge  distribution  is 


n-{x,t)  = 


CTCq 


+  16D_t 


4(a;  — 

a^+16D_t 


(A.16) 
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APPENDIX  B 


NUMERICAL  SOLUTIONS  OF  EQS.  2.16  AND  2.17 


B.l.  Consistency 


A  finite  difference  equation  (Eq.  2.34)  is  said  to  be  consistent  with  a  partial 
differential  equation  (Eq.  2.16)  if,  in  the  limit  as  the  grid  spacing  tends  to  zero,  the 
difference  equation  becomes  the  same  as  the  partial  differential  equation  at  each 
point  in  the  solution  domain.  We  wish  to  determine  how  closely  Eq.  2.34 
corresponds  to  Eq.  2.16  at  the  (j,k)  grid-point,  that  is,  how  close  it  is  to 


dn+ 

dt 


I?  +M+B 


dn+ 

dx 


d^x 


(B.l) 


Evaluating  Eq.  2.16  at  the  (j,k)  grid-point  using  the  Finite  Difference  techniques, 
we  obtain  the  solution  as  follows: 


If ‘=  (s  +  Ic)  If,  +  (1  -  2S)  -  ic)  |f ,  .  (B.2) 

The  truncation  error  for  this  approach  is  usually  O  [(Af)^  ,  (At)  ( Ax)^] . 

Substitution  of  the  Taylor  series  expansion  about  the  {j,  k)  grid-point  for  each  term 
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of  Eq.  B.2  gives 
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where  C  =  and  S  =  ^. 


Upon  simplifying,  using  C  =  and  S  =  Eq.  B.29  becomes 
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Since  is  the  solution  to  Eq.  2.16,  it  follows  that 
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By  substituting  Eq.  B.6  into  Eq.  B.4,  we  obtain 
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where  D+  —  ^n^E^At.  For  negative  charges,  we  obtain  the  same  result  as  the 
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positive  charges;  that  is, 


^  \h  H-  {D-  -  D.)  ^  |‘  +0  (A*.  (Ax)^) .  (B.9) 

where  d1  = 

It  is  obvious  that  Eq.  2.34  is  consistent  with  Eq.  2.16  as 
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51  <  r>_ 
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or 
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HIE^ 


(B.ll) 


or 

(B.12) 

If  At  and  Ax  (At  ~  10“^  and  Ax  ~  10“®)  become  smaller,  then  the  numerical 
solution  is  closer  to  the  analytical  solution  (shown  in  Figure  2.9).  The  numerical 
approach  used  here  has  decreased  the  effect  of  the  diffusion  term,  in  Eq. 

2.16  by  an  amount  which  can  be  large  if  /i±,  E  and  At  are  large. 
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APPENDIX  C 


SOURCE  CODE  FOR  PARALLEL  PLATES 


This  program  models  the  behavior  of  positive  and  negative  ion  distributions  under 
the  influence  of  an  applied  electric  field  for  parallel  configuration.  By  using  the 
explicit  finite  difference  approach,  we  obtain  the  positive  and  negative  ion  number 
densities,  n+{x,t)  and  n-{x,t),  at  every  time  step.  From  Chapter  2,  the  charges 
induced  by  a  point  charge,  q,  on  the  surfaces  of  both  electrodes  are  given 


.Lo  —  xq, 
=  -Qi — j-^) 
-^0 

Q2  = 


(ai) 


where  qi  is  the  charge  induced  on  the  cathode,  52  is  the  charge  induced  on  the  anode, 
and  Xq  is  the  initial  position  of  point  charge  q.  Since  the  charge  is  now  a  distribution 
rather  than  a  point  charge,  the  total  induced  charges  on  each  electrode  are  an 
integral  over  the  distance  between  two  electrodes.  Then,  the  induced  current  is 
/  =  ^.  The  only  reason  why  I  wrote  this  program  using  (7  +  +  as  well  as  MatLab  is 
that  I  want  to  make  sure  the  programming  is  correct. 


C.l.  Code  Written  in  C++ 


#include  <  sy s/types,  h  > 
#include  <  iostream.h  > 
#include  <  string. h  > 
#include  <  math.h  > 
#include  <  stdiib.h  > 
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#include  <  stdio.h  > 

#include  <  io.h> 

struct  times  {  int  numberl;  number2  } 
times  T; 
timesi  T1; 

void  SaveFile(double  [],int,int); 
void  mainQ 
{ 

FILE*outfile; 

FILE*file; 

double  n  1[200],  n2[200],  n  1.new[200],  n2.new[200]; 
//number  density  of  total  charges 
double  v=300, //applied  potential 
xlas,//the  position  of  laser 
wl;  //laser  width 
double  dt=3e-6; 

double  q1 0=0.0, q-l 0=0.0, q20=0.0,q-20=0.0,q=0.0, 
q.new=0.0,q1=0.0, 
q  Enew=0. 0,a0=1.6e-19,  t; 
double  m=  1 . 36,  d=0. 032+0. 5 *m  *m  *E*E*dt; 
double  m1=1.82,d1=0.04+0.5*m1*m1*E*E*dt; 
double  E=-300; 

cout<  < "Enter  Laser positlon(OjXLil.O):"; 
cln>  >  xias; 

cout<  <”Enter  Laser  Width(WLiXU2):”; 
cin>  >  wl; 

if  ((  outfile  =  fopen(  "CURRENT DATA.m",  "wb”))  =  NULL) 

{ 

fprintf(stderr,  "can't  open  output  file  %s/n”); 
exit(1); 

} 

if  ((  file  =  fopen(  "TIME  DATA. m",  "wb" ))  =  NULL) 

{ 
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fprintf(stderr,  "can’t  open  output  file  s  / n”); 
exit(1); 


} 

double  x; 
double  dx=0.005; 
int  nx,i; 
nx=int(1/dx); 
double  a1,a2; 
a1=(2*d)/(m*m*v*v); 
a2=(dx*dx)/(2*d); 
for(i=0;iinx;i++) 

{ 

x=i*dx; 

n1[i]=0.25*exp((-4*(x-xlas)*(x-xlas))/(wl*wl)); 
n2[i]=0.25*exp((-4*(x-xlas)*(x-xlas))/(wl*wl)); 
q  1 0=q  1 0+n  1[i]*dx*(  1  -i*dx); 
q20=q20+n2[i]*dx*(1-i*dx); 
q.10=  q.10  +  n1[i]*dx*i*dx; 
q^0=q-20+n2(i)  *dx*i*dx; 

} 

double  current; 
double  T=1/(m*v); 
for(t=0;tjT;t=t+dt) 

{ 

double  c1=(m*E*dt)/(2*dx),c2=(m1*E*dt)/(2*dx);//multiply  by  E 
double  s  1=(d*dt)/(dx*dx),s2=(d1  *dt)/(dx*dx); 
double  I,Q,I1,Q1; 

Q=q10; 

Q1=q20; 

Q-new=q- 10; 

Q.1=q.20 

for(int  k=0;kinx;k++) 

{ 
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n  1  'new[k]=(s  1-c1)*n  1[l<+  1]+(s1+c1)*n  1[k-  1]+(1-2*s1)*n  1[k]; 
n2  'new[k]=(s2+c2)  *n2[k+ 1 ]+(s2-c2)  *n2[k- 1]+(1  -2*s2)  *n2[k}; 
q=q+n1  new[k]*dx*(1  -k*dx); 
q1=q1  +n2  new[k]*dx*(  1  -k*dx); 
qjiew=q-new  +  n1  'new[k]*dx*k*dx; 
q  1.new=q  1  'new+n2.new[k]*dx*k*dx; 

} 

l=aO*(q-Q)/dt; 

l1=aO*(q1-Q1)/dt; 

I  'new=aO*(q-new-Q-new)/dt; 

I  '1=aO*(q1.new-Q.  1 )/dt; 
lp=l  + 1  new; 

In=l1+ri; 

current=lp+ln; 

q10=q; 

q20=q1; 

q.10=q'new; 

q^0=q1  'new; 

for(int  i=0;ijnx;i++) 

{ 

n1[l]=n1.new[i]; 

n2[i]=n2-new[i]; 

} 

fwrite(&current,sizeof (double), 1,outfile); 

} 

fclose(outfile); 

fclose(file); 

} 


void  SaveFile(double  n[],int  num,int  s) 


char  buf[6]; 
char  filename[30]; 
if(s==1) 

{ 

strcpy(filename,”pos  dist”); 
strcat(filename,’’.m”); 

fh=.creat(filename,  S'lREAD  —  .SJWRITE);//create  a  file 
if((fp=fopen(filename,”wb+”))!=NULL) 

{ 

for(int  i=0;ij200;i++) 

fwrite(&n[il  sizeof(double),  1,  fp); 

} 

rewind(fp); 

fclose(fp); 

} 

else  if(s==-1) 

{ 

strcpy(filename,’’neg.disf); 

strcat(filename,”.”); 

strcat(filename,Jtoa(T  1.number2,buf,  10)); 
strcat(filename".m”); 

fh=.creat(filename,.SJREAD —  'S'IWRITE);//create  a  file 
if((fp=fopen(filename;wb+”))l=NULL) 

{ 

for(lnt  i=0;ij200;i++) 

fwrite(&n[l],  sizeof (double),  1,  fp); 

} 

rewind(fp); 

fclose(fp); 

} 

if(num==1) 

T  1.number1=T  1.number1+ 1; 
else  if(num==2) 
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T  1.number2=T  1.number2+ 1; 


} 


C.2.  Code  Written  in  Matlab 


v=-300;  %voltage 
E=v; 

m1=1.36;  %mobility  of  positive  charge 
d 1 =0. 032;  %diffusion  coefficient  of  positive  charge 
m2=1.82;  %mobility  of  positive  charge 
d2=0.040;  %diffusion  coefficient  of  positive  charge 

laser=input('Enter  laser  position:’,  ’s’);%  enter  the  position  of  laser 

xlas=str2num(laser); 

wl=0. 1;  %laser  width 

dx=0.005;  %space  step  of  grid 

t1=2*d1/((m  1  ~2)  *(v'2)); 

t2=(dx‘2)/(2*d1); 

N=1/dx; 
num=600; 
q10=0; 
q10=0; 
q20=0; 
q^0=0; 
q1=0; 
q-1=0; 
q2=0; 
q-2=0; 
e0=1.6e-19; 
ift1  >  t2 
dt=t2; 
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else 

dt=t1; 

end 

dt 

for  i=1:N 
x=i*dx; 

n1(i)=0.25*exp(-4*(x-xlasy2/(wr2));%initial positive  distribution 
n2(i)=0.25*exp(-4*(x-xlasy2/(wr2));%initiai  negative  distribution 
q10=q10+n1(i)*dx*(1-i*dx);  %initial  induction  charges 
q.10=  q  JO  +  n1(i)*dx*i*dx; 
q20=q20+n2(i)  *dx*(1-i*dx); 
q^0=q.20+n2(i)  *dx*i*dx; 
end 

fort=dt:dt:num*dt 
c1=(m1*v*dt)/(2*dx); 
s1=(d1*dt)/(dx'2); 
c2=(m2*v*dt)/(2*dx); 
s2=(d2*dt)/(dx‘2); 
q10'new=q10; 
qJ0-new=q'10; 
q20.new=q20; 
q.20.new=q'20; 
pos.charge(  1  )=q  1 0; 
neg-charge(  1  )=q20; 
fork=1:N 
ifk==1 

n  1.new(1)=(s1-c1)*n1(2)+(1-2*s  1)*n1  (1);%n1(0)==0 
n2.new(1)=(s2+c2)  *n2(2)+(1-2*s2)  *n2(1);%n2(0)==0 
elseif  k==N 

n1.new(NHs1+c1)*n1(N-1)+(1-2*s1)*n1(N);%n1(N+1)==0 
n2.new(NHs2-c2)  *n2(N- 1)+(1  ■2*s2)  *n2(N);%n2(N+ 1)==0 
else 

n1.new(k)=(s1-c1)*n1(k+1)+(s1+c1)*n1(k-1)+(1-2*s1)*n1(k); 
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n2-newr/f;=rs2+c2rn2fA:+y;+('s2-c2;*n2f/f-7;+('r-2*s2j*n2r/c;; 

end 

q1=q1+n1.new(k)  *dx*(  1  -k*dx); 
q.1=q.1  +  n1  .new(k)*dx*k*dx; 
q2=q2+n2.new(k)  *dx*(  1  -k*dx); 
q.2=q.2+n2.new(k)  *dx*k*dx; 

end 

index1=fix(t/dt); 
pos.charge(index  1 + 1  )=q  1 0; 
neg.charge(index  1+1  )=q20; 

1 1  (index  1  )=eO  *(q1-q1 0.new)/dt; 

L 1  (index  1)=eO*(q.1-qJ  0.new)/dt; 
i2(index1)=e0*(q2-q20-new)/dt; 
i  2(index  1  )=eO  *(q^-q.20.new)/dt; 

Ip(index1)=l1(index1)  +  i.l(indexl); 
in(index1)=l2(index1)  +  i-2(index1); 
current(index1)=lp(index  1  )+ln(index1); 
fori=1:N 
n1(l)=n1.new(l); 
n2(l)=n2.new(l); 
end 

q10=q1; 

q-10=q.1; 

q20=q2; 

q^0=q-2; 

end 

T=[dt:dt:num*dt]; 
plot(T,lp.r) 
hold  on 

plot(T,ln,y) 

hold  on 

plot(T, current, Y) 
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xlabel(Time’) 

ylabel(’total  induced  current’) 


APPENDIX  D 


SOURCE  CODE  FOR  CYLINDRICAL  PLATES 


This  script  file  is  written  with  MatLab  to  compute  how  charge  distribution  changes 
with  time,  angle,  and  position  for  the  cylindrical  case.  This  program  is  to  solve  the 
non-linear  second-order  partial  differential  equaions  for  the  positive  and  negative  ion 
distribution,  0,  t)  and  n.—  {r,  (p,  t),  and  then  find  the  potential  distributions, 
v{r,  (pit),  using  the  Poisson  equation.  Finally,  the  electric  field  corresponding  the 
potentials  are  calculated.  By  using  Gauss  Law,  we  can  compute  the  charges  induced 
by  the  space  charge  on  the  surfaces  of  two  electrodes.  It  is  easy  to  calculate  the 
induced  current  by  the  positive  and  negative  ions  between  the  electrodes  through  the 
the  definition  of  current,  I  = 

v=-100;  Xvoltage 

dt=3e-6;  %time  step 

m2=1.82;  Xmobility  for  negative  ion 

d2=0.032  +  0.5*m2*m2*E*E*dt;  Xdiffusion  coefficient  for  negative  ion 
L=1;  %the  iength  ofcyiinder 
m1=1.36;  Xmobility  for  positive  ion 

d1=0.04+0.5*m1*m1*E*E*dt;  %diffusion  coefficient  for  positive  ion 

rlas=0.2;  %the  position  of  laser 

who.  1;  %iaser  width 

dr=0.01;  Xspacestep 

da=0. 1;  %angle  step 

num=3 1;  Xnumber  of  angle  steps 

angle.step=31  ;%number  of  angle  steps 

c0=(1.6e-19)*dr*dr/(8.85e-14);  %  constant 

N=50;  Xnumber  of  space  steps 
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N1=0.05/dr; 

space.step=50;  %number  of  space  steps 

qJemp1=0.0; 

q.temp2=0.0; 

loop-No=200;  %number  of  time  steps 
aOO=2; 
fori=1:N 
r2=idr+(0. 1/2); 
forj=1:num 

n1(ij)=0.25  *  exp(-4*(r2‘2-2*rlas*r2*cos((j-1)*da)... 

+(rlas)~2)/(wr2));%initial positive  distribution 
n2(i,j)=0.25*exp(-4*(r2~2-2*rias*r2*cos((j-1)*da)... 

+rias*rias)/(wr2));%initiai  negative  distribution 
end 
end 

for  t=0:5e-6:ioop  'No*5e-6 
k1=d1-(m1  *v/3. 0);  %constant  for  negative 
c1=(l<1  *dt)/(2*dr);%constant  for  negative 
sr1=(d1  *dt)/(dr~2);%for  negative 
sa  1=(d1  *dt)/(da  '2);%for  negative 

k2=d2+(m2*v/3. 0);  %constant  for  positive 
c2=(k2*dt)/(2*dr);%constant  for  positive 
sr2=(d2*dt)/(dr'2);%for  positive 
sa2=(d2*dt)/(da  ~2);%for  positive 
index1=fix(t/(5e-6));%get  unsigned  integers 
index=index1+1 
ift==0 
fori=1:N 
r2=i*dr+(0. 1/2); 
for'i=1:num 

n1(i,j)=0.25*exp(-4*(r2~2-2*rlas*r2*cos((j-1)*da)+... 
(rlas)''2)/(wr2));%initiai  positive  distribution 
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n2(i,j)=0.25*exp(-4  *(r2~2-2*rlas  *r2*cos((j-1)*da)+. . . 

rlas*rlas)/(wr2));%initial  negative  distribution 
end 
end 
else 

%calculate  the  charge  number  densities  of  positive  and  negative 
%ions  at  time  t=tO  +  dt 
fork=1:N 
r1=k*dr+(0. 1/2); 
for  n=1:num 
if  n==1 
ifk==1 

n.new1(1, 1)=(sr1+(c1/r1))*n1  (2, 1)+... 
(1-2*sr1-(2*sa1/(rr2)))*n1(1, 1)+...  %n1(0, 1)=0 
2*(sa  1/(r1  ~2))*n  1  (1,2);%n1(1,0)=n  1  (1,2) 
n.new2(1, 1)=(sr2+(c2/r1))*n2(2, 1)+...  %n2(0,1)=0 
(1-2*sr2-(2*sa2/(r1  '2)))  *n2(1, 1)+... 

2*(sa2/(r1  '2))  *n2(1,2);%n  1(1,0)=n  1  (1,2) 
elseif  k==N 

n-newl  (N,1)=(sr1-(c1/r1))*n1(N-1,1)+...%n1  (N+ 1, 1 )=0 
( 1  -2*sr1-(2*sa  1/(r1  '2)))  *n  1  (N,  1)+... 
2*(sa1/(rr2))*n1(N,2);%n1(N,2)=n1(N,0) 
n.new2(N,  1)=(sr2-(c2/r1))*n2(N-1, 1)+...%n1(N+1, 1)=0 
(1-2*sr2-(2*sa2/(rr2)))*n2(N,1)+... 
2*(sa2/(rr2))*n2(N,2);%n1(N,2)=n1(N,0) 
else 

n.new1(k,1)=(sr1+(c1/r1))*n1(k+1, 1)+... 
(sr1-(c1/r1))*n1(k-1,1)+... 

(1-2*sr1-(2*sa  1/(r1  ~2)))  *n1(k,  1)+... 

2*(sa  1/(r1  '2))*n  1  (k,2);%n1(k,2)=n  1  (k,0) 
n.new2(k,  1)=(sr2+(c2/r1))*n2(k+1, 1)+... 
(sr2-(c2/r1))*n2(k-1, 1)+... 

(1-2*sr2-(2*sa2/(r1  “2)))  *n2(k,  1)+... 
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2*(sa2/(r1  '2))*n2(k,2):%n1(k,2)=n  1  (k,0) 
end 

elseif  n==num 
ifk==1 

n.new1  (1,num)=(sr1+(c  1/r1))*n1  (2,  nunn)+. . . 
(1-2*sr1-(2*sa  1/(r1  '2)))*n1(1,num)+... 
(sa1/(rV2))*n1(1,  num- 1 ); 

%n1(0,  num)=0,  n1(1,  num+ 1  )=0 
n.new2(  1  ,num)=(sr2+(c2/r1))*n2(2,  num)+. . . 
(1-2*sr2-(2*sa2/(rr2)))*n2(1,num)+... 
(sa2/(r1  '2))  *n2(  1,num- 1 ); 

%n1(0,num)=0,n1  ( 1,num+1)=0 
elseifk==N 

n.new1(N,  num)=(sr1-(c  1/r1))*n1  (N- 1,  num)+. . . 
(1-2*sr1  -(2*sa  1/(r1  ~2)))*n  1  (N,num)+... 

(sa  1/(rV2))*n1(N,  num- 1  ); 

%n1(N,  num+ 1  )=0,  n  1  (N+ 1,  num)=0 
n.new2(N,  num)=(sr2-(c2/r1))*n2(N- 1,  num)+. . . 
( 1-2*sr2-(2*sa2/(r1  '2)))*n2(N,num)+... 
(sa2/(r1  -'2))*n2(N,num-1); 

%n1(N,  num+ 1 )=0,  n1(N+  1,num)=0 
else 

nmewl  (k,  num)=(sr1+(c  1/r1))*n1(k+  1,num)+. . . 
(sr1  -(c1/r1))*n1  (k-1  ,num)+... 

(1-2*sr1  -(2*sa  1/(r1  ‘2)))*n  1  (k,num)+... 

(sa  1/(r1  '2))  *n  1  (k,  num-1);  %n1  (k,num+ 1  )=0 
n.new2(k,  num)=(sr2+(c2/r1  ))*n2(k+ 1,  num)+. . . 
(sr2-(c2/r1))  *n2(k-  1,num)+... 
(1-2*sr2-(2*sa2/(rr2)))*n2(k,num)+... 
(sa2/(r1  "2))*n2(k,  num-  1);%n1  (k,  num+ 1  )=0 
end 
else 
ifk==1 
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n-new1  (1  ,n)=(sr1 +(c1/r1))*n1  (2,n)+...%n1  (0,n)=0 
(1-2*sr1-(2*sa  1/(r1  '2)))*n1(1,n)+... 

(sa  1/(r1  -2))  *(n1(1,n+1)+n1(1,n-1)); 
n.new2(  1,n)=(sr2+(c2/r1  ))*n2(2,n)+...%n  1(0,n)=0 
(1-2*sr2-(2*sa2/(r1  ~2)))  *n2(1,n)+... 
(sa2/(rr2))*(n2(1,n+1)+n2(1,n-1)); 
elseifk==N 

n.new1  (N,n)=(sr1-(c1/r1))*n1  (N-1  ,n)+... 
(1-2*sr1-(2*sa1/(rr2)))*n1(N,n)+... 

(sa  1/(r  1  ‘2) )  *(n  1(N,n+1)+n1(N,n-1)); 
n.new2(N,n)=(sr2-(c2/r1 ))  *n2(N-  1,n)+... 
(1-2*sr2-(2*sa2/(rr2)))*n2(N,n)+... 

(sa2/(r1  ~2))  *(n2(N,n+1)+n2(N,n- 1)); 
else 

n-new1(k,n)=(sr1+(c1/r1))*n1(k+1,n)+... 

(sr1-(c  1/r1  ))*n1  (k-  1,n)+... 

( 1  -2*sr1  -(2*sa  1/(r1  ‘2)))  *n  1  (k,n)+. . . 

(sa  1/(r1~2))*(n1(k,n+1)+n1(k,n-1)); 
n.new2(k,n)=(sr2+(c2/r1))  *n2(k+  1,n)+... 
(sr2-(c2/r1))*n2(k-1,n)+... 

(1-2*sr2-(2*sa2/(r1  ‘'2)))*n2(k,n)+. . . 

(sa2/(r1  '2))  *(n2(k,  n+ 1  )+n2(k,  n-1)); 

end 

end 

qJemp1=q  tempi  +n.new1(k,n)... 

*da*dr*dr*L*(N1+1)*1.6e-19; 
qjemp2=q’temp2  +  n.new2(k,n)... 

*da  *dr*dr*L  *(N1+1)*1.6e- 19; 
q1  (index, 1)=q' tempi; 
q2(index,  1  )=q  'temp2; 
end 
end 

fori=1:N 
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for  j=1:num 
n1(U)=n.new1(i,j); 
n2(i,j)=n  new2(i,j); 
%B=sum(n1’); 
end 
end 


o/  o/  o/  o/  o/  o/  o/  o/  o/  o/  o/  o/  0/  0/  0/  0/  0/  0/  0/  0/  0/  0/  0/  0/  0/  0/  0/  0/  0/  0/  0/  0/  0/  0/  0/  0/ 
/o  /o  /o  /o  /o  70  /o  /o  /o  /o  /o  /o  70  /o  /o  /o  /o  /o  70  /o  /o  /o  70  /o  70  /o  70  /o  70  70  /o  /o  /o  /o  /o  70 


%  SOLVE  A  SET  OF  LINEAR  EQUATIONS: 


%[matrix]*[variables]=[matrlx]. 
%By  using  the  charge  number 
%densities  of  positive  and 
Xnegative  ions,  n1  and  n2, 
%that  are  caiculated  with 
%the  continuity  equation, 

%  I  am  going  to  create  a 
%matrix,  M,  with  the  sparse 
%  matrix  (command:spdiags). 


70  70  70  70  70  7o  70  7o  7o  70  70  70  7o  70  70  70  7o  70  70  7o  70  7o  7o  70  70  70  70  70  70  70  70  70  70  70  70  70 


%create  the  term:  [(n+)  -  (n-)] 
for  ii5=  1  :space.step- 1 
for  jj5=1  :angle-Step 
temp  1  (ii5,jj5)=n  1  (ii5,jj5); 
temp2(ii5,jj5)=n2(ii5,jj5); 


end 

end 

den  'tempi =reshape(temp  1  ’, (space.step-1)*angle.step,  1 ); 
density1=-c0  denJempI; 
forii6=1  angle' step 

density1(angle.step*(space.step-2)+ii6)... 

=density1  (angle  'step*(space-Step-2)+ii6)... 

-(1  +  (1/(2*space.step)))*v; 
end 
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denJemp2=reshape(temp2’,  (spacestep- 1)  *angle.step,  1); 
density2  =  -cO  dentemp2; 
for  ii6=  1 : angle  step 

density2(angle  'step* (space  ’step-2)+ii6)... 
=density2(angle  step  *(space-Step-2)+ii6). . . 

-  (1  +  (1/(2*space.step)))*v; 
end 


0/  O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  0/  O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  0/0/ 0/0/ 0/0/  O/  O/  0/0/ 0/0/^ 
/o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o 


%create  a  matrix  using  sparse  matrix. 


O/  O/  O/  O/  O/  O/  O/  O/  O/  0/  O/  0/  0/  0/  O/  O/  O/  O/  O/  O/  O/  O/  O/  0/0/ 0/0/ 0/0/ 0/0/ 0/0/ 0/0/ 0/0/ 
/o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o 


for  i1=1  '.space  ..step- 1 
for  j1=1  :angle.step 

D.ab(i1,j1)=1/(((i1+Niy2)*(da'2));%  *2*  % 
D.main(i1J1)=-2*(1-h(1/((da‘2)*((i1+N1)''2)))); 
%create  main  diagonals 
end 
end 


temp=D'ab’: 


O/  O/  O/  O/  O/  O/  O/  O/  O/  0/  0/  O/  0/  0/  O/  O/  O/  O/  O/  O/  O/  O/  O/  0/  O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  0/ 

/o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o 


for  i2=  1  '.spacestep- 1 
for  j2=1  :anglestep 
D12(i2,j2)=1-h(1/(2*(i2+N1))); 
D21(i2J2)=1-(1/(2*(i2+N1))); 

Xcreate  a  set  of  diagonals  in  row=1,column=2,... 
end 
end 


O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  0/  O/  O/  O/  O/  O/  O/  O/  0/  o/  o/  o/  o/  o/  o/  o/ 
/o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o 


%Sparse  matrix  is  applied 
%  to  create  a  matrix  in  which 
%most  elements  are  zeros 
%Function:spdiags(),  zerosQ 
%First,  create 

%(spacestep, spacestep)  blocks 
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O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  0/  o/  o/  o/  o/  o/  o/  o/ 
/o  /o  /o  /o  /o  /o  /o  /o  /o  /o  VO  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o 


for  i3=1  :space.step- 1 
%temp1=flipud(temp(:,  i3)); 

%temp2=temp(:,  i3); 

x1 1=spdiags([temp(:,i3)  (D 'main(i3,:))’... 

temp(:,i3)], -1:1, angle' step, angle' step); 
x12=spdlags([D12(l3, :)  ’],  0,angle  step, angle  step); 
x21=spdlags([D21(l3,:)'],0,angle  'step,angle  step); 
%create  51  blocks  which  contain  31  by  31  matrix 
eval([’A’,int2str(i3),  ’=x1 1  ’]); 
eval([’B’,int2str(i3),  ’=x12’]); 
eval([’C’,int2str(i3),  ’=x2r]); 

%assign  each  block  to  a  different  variable 
%  like  A1,A2,...A51 


end 


%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%lt  is  the  stupid  way  to 
%change  the  value 
%of  particular  elements 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 


A1(1,2)=aOO*A1(1,2);% 

A 1  (angle. step,  angle. step- 1 )=2*A  1  (angle. step,  angle.step- 1 ); 
A2(1,2)=aOO*A2(1,2);% 

A2(angle.step,angle.step-1)=2*A2(angle.step,angle.step- 1 ); 
A3(1,2)=a00*A3(1,2);% 

A3(angle.step,angle.step-1)=2*A3(angle.step,angle.step-1); 

A4(1,2)=a00*A4(1,2);% 

A4(angle.step,angle.step-1)=2*A4(angle.step,angle.step-1); 

A5(1,2)=a00*A5(1,2); 

A5(angle.step,angle.step-1)=2*A5(angle.step,angle.step-1); 

A6(1,2)=a00*A6(1,2); 

A6(angle.step,angle.step-1)=2*A6(angle.step,angle.step-1); 
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A7(1,2)=a00*A7(1,2); 

A7(angle.step,angle.step-1)=2*A7(angle.step,angle.step-1); 

A8(1,2)=a00*A8(1,2); 

A8(angle.step,angle.step-1)=2*A8(angle.step,angle-Step-1); 

A9(1,2)=a00*A9(1,2); 

A9(angle-Step,angle-Step- 1  )=2*A9(angle.step,angle.step- 1); 
A10(1.2)=a00*A10(1,2); 

A 1 0(angle.step,  angle.step-  1)=2*A1 0(angle.step,angle.step- 1 ); 
A11(1,2)=aOO*A11(1,2); 

A11  (anglestep, angle.step- 1  )=2*A  1 1  (angle.step,angle.step- 1 ); 
A  12(1,2)=aOO*A  12(1,2); 

A  12(angle.step,angle.step-1)=2*A  12(angle.step,angle.step- 1); 
A  13(1,2)=a00*A  13(1,2); 

A  13(angle.step,angle.step-1)=2*A13(angle-Step,angle.step-1); 
A14(1,2)=a00*A14(1,2); 

A  14(angle-Step,angle.step- 1  )=2*A  14(angle.step,angle.step- 1 ); 
A15(1,2)=aOO*A15(1,2); 

A  15(angle.step,angle.step- 1  )=2*A  15(angle.step,angle.step-1); 
A16(1,2)=aOO*A16(1,2); 

A 1 6(angle.step,angle.step- 1  )=2*A  16(angle-Step,angle.step- 1 ); 
A1 7(1, 2)=a00*A1 7(1,2); 

A 1 7(angle.step,angle.step- 1  )=2*A  1 7(angle-Step,angle.step- 1 ); 
A18(1,2)=a00*A18(1,2); 

A  18(angle.step,angle-Step-1)=2*A  18(angle-Step,angle.step-1); 
A  19(1,2)=a00*A19(1,2); 

A19(angle.step,angle.step-1)=2*A19(angle.step,angle.step-1); 

A20(1,2)=a00*A20(1,2); 

A20(angle.step,angle.step- 1  )=2*A20(angle.step,angle.step- 1 ); 
A21(1,2)=aOO*A21(1,2); 

A2 1  (angle.step,angle.step- 1  )=2*A2 1  (angle-step,angle.step- 1 ); 
A22(1,2)=a00*A22(1,2); 

A22(angle.step,angle.step-1)=2*A22(angle.step,angle.step-1); 

A23(1,2)=aOO*A23(1,2); 
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A23(angle-Step,angle-Step-1)=2*A23(angle.step,angle.step-1); 

A24(1,2)=a00*A24(1,2); 

A24(angle.step,angle.step- 1  )=2*A24(angle.step,angle.step- 1); 
A25(1,2)=aOO*A25(1,2); 

A25(angle.step,angle-step- 1  )=2*A25(angle-Step,angle-Step- 1 ); 
A26(1,2)=a00*A26(1,2); 

A26(angle.step,angle.step-1)=2*A26(angle.step,angle.step-1); 

A27(angle-Step,angle.step-1)=2*A27(angle.step,angle.step-1); 

A27(1,2)=aOO*A27(1,2); 

A28(angle.step,angle.step- 1  )=2*A28(angle.step,angle-Step-1); 
A28(1,2)=aOO*A28(1,2); 

A29(angle.step,angle.step-1)=2*A29(angle.step,angle.step-1); 

A29(1,2)=aOO*A29(1,2); 

A30(angle.step,angle-step- 1  )-2*A30(angle.step,angle.step- 1 ); 
A30(1,2)=a00*A30(1,2); 

A31  (angle.step,angle.step- 1  )=2*A3 1  (anglestep.anglestep- 1 ); 
A31(1,2)=a00*A31(1,2); 

A32(angle.step,angle.step- 1  )=2*A32(angle.step,angle.step- 1 ); 
A32(1,2)=a00*A32(1,2); 

A33(1,2)=a00*A33(1,2); 

A33(angle.step,angle.step-1)=2*A33(angle.step,angle-Step-1); 

A34(1,2)=a00*A34(1,2); 

A34(angle.step,angle.step- 1  )=2*A34(angle.step,angle.step- 1 ); 
A35(1,2)=a00*A35(1,2); 

A35(angle-step,angle.step- 1  )=2*A35(angle-Step,angle.step- 1  ); 
A36(1,2)=a00*A36(1,2); 

A36(angle.step,angle.step-1)=2*A36(angle.step,angle.step-1); 

A37(1,2)=aOO*A37(1,2); 

A37(angle.step,angle.step- 1  )=2*A37(angle.step,angle-Step- 1 ); 
A38(1,2)=a00*A38(1,2); 

A38(angle.step,angle.step-1)=2*A38(angle.step,angle.step-1); 

A39(1,2)=a00*A39(1,2); 

A39(angle.step,angle.step- 1  )=2*A39(angle.step,angle.step-1); 
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A40(1,2)=a00*A40(1,2); 

A40(angle.step,angle.step-1)=2*A40(angle.step,angle.step- 1); 
A41(1,2)=a00*A41(1,2); 

A41(angle.step,angle.step-1)=2*A41(angle.step,angle.step-1); 

A42(1,2)=a00*A42(1,2); 

A42(angle.step,angle-Step-1)=2*A42(angle-Step,angle-Step-1); 

A43(1,2)=a00*A43(1,2); 

A43(angle.step,angle.step-1)=2*A43(angle.step,angle.step-1); 

A44(1,2)=a00*A44(1,2); 

A44(angle^step,angle-Step- 1  )=2*A44(angle.step,angle.step- 1 ); 
A45(1,2)=a00*A45(1,2); 

A45(angle.step,  angle. step- 1  )=2*A45(angle.step,  anglestep- 1 ); 
A46(1,2)=a00*A46(1,2); 

A46(angle.step, anglestep- 1  )=2*A46(angle.step, anglestep- 1 ); 
A47(1,2)=a00*A47(1,2); 

A47(angle.step,angle.step-1)=2*A47(angle.step,angle.step-1); 

A48(1,2)=a00*A48(1,2); 

A48(angle.step,angle.step-1)=2*A48(anglestep,anglestep-1); 

A49(1,2)=a00*A49(1,2); 

A49(angle.step,angle.step-1)=2*A49(anglestep,angle.step-1); 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 


/o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o 


%This  is  the  stupid  way  to 
%create  the  big  matrix. 

%l  will  figure  out  the 
%short  way  to  do  this  later  on. 


%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 


Z=zeros(angle.step);  %create  31  by  31  zero  matrix 
M1=IA1,B1,Z,Z,Z,Z,Z,Z,Z.Z,Z.Z,Z,Z,Z,Z,Z.Z.Z.Z.Z,Z,Z.Z,Z,.. 

Z,Z,Z,Z.Z,Z,Z,Z,Z,Z.Z,Z.Z,Z.Z.Z,Z.Z,Z,Z.Z.Z.Z,Z]-, 

M2=[C2,A2,B2,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z.Z,Z.Z,Z,Z,Z,.. 
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/W3=/Z, C3,A3,B3,  Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z... 


M8=[Z,Z,Z,Z,Z.Z,C8,A8,B8,Z,Z,Z.Z,Z,Z,Z,Z.Z,Z,Z,Z,Z,Z,.: 

z,z,z,z,z,z.z,z,z,z,z,z,z,z,z,z,z,z.z.z,z,z,z,z,z,z]; 

m=[z,z,z,z,z,z,z,C9,A9,B3,z,z,z,z,z,z,z,z,z,z,z,z,... 


M10=[Z,Z,Z,Z,Z,Z,Z,Z,C10,A10,B10,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z, 
Z,Z,Z,Z.Z.Z,Z.Z,Z,Z,Z,Z,  Z,Z,Z,Z,Z,Z,Z,Z,Z,Z.  Z,Z,Z]; 

M1 1=[Z,Z,Z,Z,Z,Z,Z,Z,Z,C1 1,A11.B11,Z,Z.Z.ZZ,Z,Z,Z.Z,Z,... 


M12=IZ,Z,Z,Z,Z,Z,Z,Z,Z,Z,C12,A  12,B12,  Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,.. 

z.z,z,z.z,z,z,z,z.z,z.z,z,z.z,z,z,z,z,z.z,z,z,z,z,z]; 

m3=[Z,Z.Z,Z.Z.Z,Z,Z,Z.Z,Z,C-\3,A^3,B13,Z,Z,Z,Z,Z,Z,Z,Z,Z,... 

MU=IZ,Z,Z,Z,Z.Z,Z,Z,ZX,Z.Z,CA4A14,BU,Z,Z,Z,Z,Z,Z,Z,.^ 

ZZ,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z]-, 

m5=[Z.Z.Z,Z,Z,Z,Z,Z,Z,Z,Z,Z.Z,C15,A^8,B15,Z,Z,Z,Z,Z,Z,Z... 


M16=[Z,Z,Z,Z,Z,Z.Z,Z,Z,Z,Z,Z,Z,Z,C16.A16,B16.Z,Z,Z,Z.Z,Z,.. 

Z.Z,ZX.Z,Z,Z.Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z]-, 

M17=IZ,Z.Z,Z.Z,Z,Z,Z,Z,Z,Z,Z,Z,Z.Z,C17,A17,B17,Z,Z,Z.Z,Z,... 

z.z,z,z,z,z,z.z,z.z,z.z,z,z,z,z,z,z.z,z,z.z,z,z,z,zi: 

M18=[Z,Z,Z,Z.Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,C18,A18,B18,Z,Z,Z,Z,... 

Z,Z,Z,Z.Z,Z,Z,Z,Z,Z.Z,Z,Z.Z,Z,Z,Z,Z,Z,Z,Z.Z,Z,Z,Z,Z]; 


M20=[Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,C20,A20,B20,Z,... 

Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z.Z,Z]1 

M21=IZ,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z.Z,C21,A21,B21,Z,Z... 

,Z,Z,Z,Z.Z.Z,Z,Z,Z.Z,Z,Z,Z,Z,Z,Z,Z,Z.  Z,Z.Z,Z,Z,  Z.Z]; 
M22=IZ,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z.Z,Z,Z,Z,Z,C22,A22,B22,... 

z.z.z,z.z.z.z,z,z,z,z,z,z.z,z,z,z.z,z.z,z.z,z,z,z,z]; 


B24,Z,Z.Z,Z,Z,Z,Z.Z,Z,Z.Z.Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z]; 


A26,B26,Z,Z,Z,Z.Z,Z,Z,Z.Z,Z,Z,Z,Z,Z,Z.Z,Z,Z,Z,Z,Z,Z]-, 

M27=[Z,Z.Z.Z,Z,Z,Z,Z,Z,Z,Z,Z.Z,Z,Z,Z.Z,Z,Z,Z,Z,Z,Z,Z,Z,C27... 

.A27.B27,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z.Z,Z.Z,Z,Z,Z,Z]; 

m8=[z,z,z,z,z,z,z,z,z.z,z,z,z,z,z,z,z.z,z,z,z,z,z.z,z,z,... 

C28,A28.B28,Z.Z,Z,Z,Z.Z,Z,Z,Z.Z,Z,Z,Z,Z,Z,Z,Z,Z,Z.Z]-, 

Z,C29,A29,B29,Z,Z,Z,Z,Z.Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z]] 

mo=[z,z,z,z,z,z,z,z.z,z,z,z,z,z,z,z,zxzz,z,z,z.z.z.z.... 

Z,ZC30.A30.B30,Z.Z.Z,Z,Z,Z,Z.Z,Z,Z.Z.Z.Z,Z.Z,Z,Z,Z]; 

M31=IZ,Z.Z.Z,Z,Z.Z.Z.Z,Z.Z.Z.Z,Z.Z.Z,Z,Z,Z.Z.Z,Z,Z,Z.Z.Z,... 

Z,  Z,Z,C31.A31.B31.Z,Z,Z,Z,Z.Z,Z,Z,Z,Z.  Z,Z.Z.Z,Z.Z,Z]; 
M32=IZ,Z,Z.Z,Z,Z,Z.Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z.Z,Z,Z,Z,Z,Z,Z,... 


m3=[ZZ.Z,ZXXX.Z,Z,Z,Z.Z.Z,Z,Z.Z,Z,Z,Z,Z.Z,Z,Z,Z.Z,... 

Z,Z.Z,Z,Z,Z,C33,A33,B33,Z.Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z1; 
M34=[Z,ZZZ,Z,Z,Z,ZZ.Z,Z.Z,Z,Z,Z,Z,Z,Z,Z.Z,Z,Z,Z,Z,Z,Z,... 
Z,Z,Z,Z.Z,Z, C34,A34.B34.Z.Z.Z,Z,Z,Z,Z.Z,Z,Z,  Z.Z,Z,Z]; 


m6=lZ,Z,Z,Z,Z.Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,2,Z,Z.Z,Z,Z,Z,Z,Z,... 

Z,Z,Z,Z.Z.Z,Z,Z,Z,C36,A36,B36.Z,Z,Z,Z,Z,Z,Z,Z,Z,Z.Z,Z]; 

M37=IZ,Z,Z,Z,Z,Z.Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z.Z,Z,Z,Z.Z,... 

Z,Z,Z.Z,Z,Z,Z,Z,Z,C37,A37,B37.Z.Z,Z,Z.Z.Z,Z.Z,Z,Z,Zi; 

M38=IZ,Z,Z,Z,Z,Z,Z.Z,Z,Z,Z,Z,Z,Z,Z,Z.Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,... 

Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,C38,A38,B38,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z]] 


Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,Z,C42,A42.B42,Z,Z,Z,Z,Z,Z]] 


Z,Z,Z,Z.Z,Z,Z.Z,Z,Z,Z.Z.Z.Z,  Z,  Z,C44,A44,B44,  Z,Z.Z,Z]; 

Z,Z,Z,Z,Z,Z.Z,Z,Z.Z,Z,Z,Z,Z,Z,Z,Z,C45,A45,B45,Z,Z,Z]; 


%%%%7o%%%%%%%%%%%%%%%%%%%%%%%%%%%% 


M=[M1;M2;M3;M4;M5;M6;M7;M8;M9;M10;M11;M12;M13;M14;M15; 

M16;M17;M18;M19;M20;M21;M22;M23;M24;M25;M26;M27;M28;. 

M29;M30;M31;M32;M33;M34;M35;M36;M37;M38;M39;M40;M41;. 

M42;M43;M44;M45;M46;M47;M48;M49]; 
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%  this  matrix  for  solving  potential  distribution 
%if  size(M)~=[space  'step*angle  'step,... 
space  'step*angle  step] 

%  dispCthere  is  somthing  wrong  with  the  size  of... 
the  huge  matrix’) 

%eise 


%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 


%caiculate  the  potential  distribution  in  the  space 
%between  two  cylindrical  electrodes  due  to  the 
%production  of  laser-induced  ions 
V1=M/density1; 

V2=M/density2; 

%V = gmres(M, density); 


o/  o/  o/  o/  o/  o/  o/  o/  o/  o/  o/  o/  o/  o/  o/  o/  o/  o/  o/  o/  o/  o/  o/  o/  o/  o/  o/  o/  o/  o/  o/ 
/o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o  /o 


%Now  compute  the  electric  field  on  the  surface  of  j=1 
for  i4=1:angle.step 
E1(i4)=-(1/(dr))*(V1(i4,1)); 


E2(i4)=-((1/(dr))*V2(i4,1)); 

end 

Q 1  (index,  1)=1e-  12*da  *L  *(0. 05+dr)  *sum(E  1 ); 
Q2(index,  1)=1e-12*da*L*(0.05+2  *dr)  *sum(E2); 


total2(index,  1)=(q1  (index,  1)); 
total3(index,  1)=(q2(index,  1)); 
end 


end 


O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  O/  0/  O/  O/  O/  O/  O/  O/  O/  0/  o/  o/  o/  o/  o/  o/  o/ 
yoyoyo7o7o7o7o/o/o/o/o/o/o/o/o/o/o/o/o/o/o/o/o/o/o/o/o/o/o/o/o/o/o/o 


for  i9=1  :(loop.No-2) 
l1(i9)=(Q1(i9+1, 1)-Q1(i9, 1))/dt; 
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l2(i9)=(Q2(i9+1, 1)-Q2(i9, 1))/dt; 


I12(i9)=(t0tal2(i9+1, 1)-total2(i9, 1))/dt; 
I13(i9)=(t0tal3(i9+1, 1)-total3(i9, 1))/dt; 
end 

plot(l1+l12) 
hold  on 
plot(l2+l13,’:’) 
hold  on 

plot(l1 +11 2+12+11 3, Y) 


APPENDIX  E 


INDUCED  CHARGES  ON  PARALLEL  PLATES 


In  this  section,  we  find  the  solution  to  the  problem  of  figuring  out  the  induced 
charges  on  the  two  infinite  parallel  plates  due  to  the  point  charge  between  the  plates. 
There  is  a  wide  variety  of  approaches  that  can  be  used  to  solve  this  problem,  such  as 
the  Green  function  solution  and  image  charges.  For  simplicity,  we  use  the  Green 
Reciprocity  Theorem  to  solve  the  problem  of  a  point  charge  between  two  parallel 
conducting  plates. 

We  treat  situation  1  and  situation  2  shown  in  Figure  E.l  as  equivalent.  The  reason 
why  we  do  this  way  is  that  Vq  does  not  affect  the  charges  induced  by  point  charge  q 
between  the  two  parallel  plates  under  the  condition  that  point  charge  q  is  small 
enough  that  the  effect  on  the  external  electric  field  is  neglected.  In  other  words,  we 
just  calculate  the  induced  charges  in  situation  1.  Qxi,  I4i,  Qx2i  Vx2  denote  the 
charges  and  potentials  at  the  positions  of  the  point  charge  in  Figure  E.l,  respectively. 


E.l.  Green  Reciprocity  Theorem 


Suppose  a  charge  distribution,  pi(r),  produces  a  potential,  bi(r),  and  some  other 
charge  distribution  ^2(1')  produces  a  potential,  V2(r).  Green  Reciprocity  Theorem^® 
is  given  by 


/ 

Jai 


PlV2dT 


all  space 


/ 

Jai 


p^Vidr. 


(E.l) 


allspace 


Note  that  pi  and  p2  have  nothing  in  common. 
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E.2,  Induced  Charges 


We  use  the  Green  Reciprocity  Theorem  to  compute  the  induced  charges  due  to  the 
point  charge  between  the  two  plates.  Both  plates  are  grounded,  and  the  point  charge 
is  placed  at  distance  x  from  plate  1  as  shown  in  Figure  E.l.  The  plate  separation  is 
Lq.  We  assume  that  Qi  and  Q2  are  induced  charges  of  the  left  and  right  plates, 
respectively.  In  situation  1, 


/  —  V12Q11  +  ^r^Qrx  Vx2Qxi- 

J  allspace 


(B.2) 


Since  Vj^  =  0,  =  K).  Qxi  —  9.  Qn  =  Q2,  and  14^  =  Eq.  E.2  becomes 


/ 

Jal 


allspace 


PlV2dT={^)q  +  VoQ2. 


(E.3) 


In  situation  2, 


I  p2VidT  —  VliQli  "t"  1^1  Qr2  "I”  ^xiQx2- 

J  allspace 


(E.4) 


Substituting  Vi^  =  0,  Vr^  =  0,  Qx2  =  0,  and  =  Q2  into  Eq.  E.4,  we  obtain 


I  p2VidT  =  0. 

J  allspace 


(E.5) 


By  using  the  Green  Reciprocity  Theorem  (Eq.  E.l),  the  induced  charges  can  be 
calculated; 


/  piV2dT  =  /  p2Vidr 

J  allspace  J  allspace 

rVc 

(--^)g  + 1/0(32  =  0. 

^0 


(E.6) 
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Situation  1  Situation  2 

(with  the  point  charge  q)  (without  the  point  charge  q) 


Figure  E.L  Two  situations:  (1)  both  grounded,  a  point  charge  at  x.  (2)  right 
plate  at  V^i  and  left  plate  at  Vo  =  0,  no  point  charge  at  x. 
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The  induced  charge  of  the  right  plate  shown  in  Figure  E.l  is 


Q2  =  -? 


(E,7) 


According  to  charge  conservation  law,  the  relationship  between  the  point  charge  and 
the  induced  charges  is 


Qi  +  Q2  — 

so  the  induced  charge  of  the  left  plate  is 


(B,8) 


Qi  —  Q  Q2  — 


(E,9) 
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ABSTRACT 


Lucci,  Maxwell  Ryan,  M.S.,  Department  of  Chemistry,  College  of  Science  and 
Mathematics,  North  Dakota  State  University,  June  1999.  Resonance  Enhanced 
Multiphoton  Ionization  Spectroscopy  of  Indene  at  Ambient  Conditions.  Major  Professor: 
Dr.  Gregory  D.  Gillispie. 

The  room  temperature  1+1  and  2+2  resonance  enhanced  multiphoton  ionization 
(REMPI)  spectra  of  gas-phase  indene,  CgHs,  near  the  origin  of  the  first  electronic  transition 
at  287.86  nm  are  reported.  This  work  relates  to  chemically  specific  measurements  of  trace 
organic  species  in  ambient  air.  The  1+1  REMPI  spectrum  for  indene  at  50  ppbv 
concentration  in  ambient  air  qualitatively  agrees  with  absorbance  spectra  obtained  for 
much  longer  pathlength  and  higher  sample  concentration.  Extensive  sequence  band 
structure  is  observed  near  the  origin.  The  typical  rotational  contour  consists  of  a  narrow, 
nearly  symmetric  feature  and  a  less  intense  broad  sideband  shaded  to  the  red.  The  narrow 
feature  at  287.86  nm  in  the  high-resolution  1+1  REMPI  spectrum  is  not  as  narrow  as  in  the 
highest  resolution  vapor  absorption  spectrum;  this  difference  can  not  be  fully  explained  by 
power  (intensity)  saturation  effects,  pressure  broadening,  or  laser  bandwidth.  Indene  was 
also  detected  in  the  headspace  over  the  multicomponent  mixtures  of  coal  tar  and  creosote. 


Ill 
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1.  INTRODUCTION 


A.  Absorbance  Spectroscopy 

Conventional  absorbance  spectroscopy  probes  state-to-state  molecular  transitions 
via  the  wavelength-dependent  attenuation  of  an  incident  light  beam.  One  molecule  is 
excited  (raised  to  a  higher  energy  state)  for  every  photon  absorbed  and  the  energy  of  the 
absorbed  photon  equals  the  energy  difference  between  the  initial  and  final  molecular  states 
of  the  transition.  The  spectra  are  interpreted  with  the  aid  of  various  quantum  mechanical 
models  such  as  the  harmonic  oscillator  or  rigid  rotor.  The  characteristic  nature  of  the 
absorbance  spectra  has  qualitative  analysis  applications.  The  presence  of  a  given  species  in 
a  mixture  may  be  inferred  from  its  characteristic  spectral  features  in  the  absorbance 
spectrum  of  the  mixture.  The  term  fingerprinting  is  sometimes  used  in  this  context, 
particularly  in  infrared  spectroscopy. 

Absorbance  spectra  are  quantitatively  interpreted  in  terms  of  Beer’s  Law,  which 
states  that  the  absorbance  is  proportional  to  the  product  of  the  concentration  of  the 
absorbing  species,  the  path  length  of  the  light  through  the  sample,  and  a  fundamental 
parameter  known  as  the  molar  absorptivity.  The  absorbance  is  defined  as  the  negative 
logarithm  of  the  transmittance  (the  fraction  of  light  that  gets  through  the  sample).  If  both 
the  molar  absorptivity  and  path  length  are  known,  then  the  concentration  is  inferred  from 
the  absorbance  value.  As  is  well  known,  sensitive  absorbance  measurements  involve 
measuring  a  small  difference  between  two  relatively  large  light  signals. 

Many  applications  in  environmental  science  and  air  quality  monitoring  involve 
concentrations  too  low  to  measure  with  conventional  absorbance  techniques.  A  strong 
electronic  transition  in  the  ultraviolet  (UV)  or  visible  (VIS)  region  may  have  a  molar 
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absorptivity  of  10^-10^  L/mol  cm.  An  absorbance  value  of  0.01  for  a  path  length  of  10  cm 
corresponds  to  a  concentration  of  10*^- 10*^  mol/L.  At  room  temperature,  the  corresponding 
partial  pressure  range  is  2.5-25  x  lO"^  atm  (atmosphere)  or  2.5-25  ppmv  (parts  per  million 
by  volume). 

Fluorescence  excitation  spectroscopy  is  often  more  sensitive  than  absorbance  for 
probing  upward  molecular  transitions  because  it  is  effectively  a  zero-background 
measurement,  i.e.,  the  signal  appears  against  a  weak  background.  With  appropriate 
corrections,  the  fluorescence  excitation  spectrum  is  equivalent  to  the  absorbance  spectrum. 

Resonance  enhanced  multiphoton  ionization  (REMPI),  the  topic  of  this  thesis, 
combines  favorable  attributes  of  conventional  linear  absorbance  and  fluorescence 
spectroscopy.  To  a  first  approximation,  the  REMPI  spectrum  is  identical  to  the 
conventional  absorbance  spectrum  but  the  measurement  itself  is  ideally  zero-background  in 
nature,  which  makes  it  more  sensitive  than  direct  absorbance.  This  higher  sensitivity  is 
advantageous  for  probing  the  optically  thin  samples  encountered  in  supersonic  jet 
expansions,  which  constitute  the  vast  majority  of  REMPI  applications.  Time-of-flight 
mass  spectrometry  (TOFMS),  which  requires  even  lower  pressures,  is  often  used  in 
combination  with  the  supersonic  expansion  to  mass  analyze  ions  generated  in  REMPI 
processes.  Thus,  it  is  not  surprising  that  REMPI  is  sometimes  considered  as  an  inherently 
low-pressure  technique. 

However,  there  are  no  fundamental  factors  that  preclude  ambient  pressure  REMPI 
measurements.  Once  the  oppositely  charged  species  created  by  the  ionization  process  have 
separated,  pressure  does  not  affect  the  efficiency  of  the  charge  collection  at  the  biased 
electrodes,  just  the  time  interval.  Various  ion-molecule  reactions  may  occur  as  the  ions 
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drift  to  the  electrodes,  but  no  charge  need  be  lost  in  a  properly  designed  cell.  It  should  also 
be  recognized  that  the  flame  ionization  and  photoionization  detectors,  which  are  widely 
used  in  gas  chromatography  and  ion  mobility  spectrometers,  rely  on  ion  collection  and 
quantitation  at  near  atmospheric  pressure. 

Relatively  little  REMPI  spectroscopic  work  performed  under  ambient  pressure 
conditions  has  been  reported.  Small  molecules  such  as  nitric  oxide,  nitrogen  dioxide,  and 
acetaldehyde  have  been  studied  in  the  most  detail.  Aromatic  species  such  as  benzene, 
toluene,  aniline,  styrene,  and  naphthalene  have  also  been  characterized.  Spectral 
congestion,  often  a  factor  associated  with  higher  molecular  weight  species,  may  have 
served  as  a  deterrent  to  studying  molecules  at  ambient  pressure  via  REMPI. 

A  major  issue  that  needs  to  be  examined  deals  with  how  much  specificity  can  be 
obtained  without  the  cost  and  complexity  associated  with  jet  cooling  and  TOFMS. 
Consequently,  our  research  group  is  pursuing  REMPI  at  ambient  pressure  and  temperature 
as  the  basis  for  real-time  chemical  analysis.  There  are  many  different  gas-phase  species 
that  could  be  detected  under  ambient  pressure  REMPI  conditions.  The  need  to  identify  the 
most  appropriate  target  species,  the  optimal  spectral  ranges,  and  possible  interferences 
exists. 

For  single  ring  aromatic  molecules,  the  onset  wavelength  of  significant  UV 
absorbance  often  corresponds  to  a  photon  energy  that  is  close  to  half  the  molecule’s 
ionization  energy.  Data  are  given  for  representative  species  in  Table  1.  The  first  singlet 
transition  (Si4-So)  in  each  case  lies  at  a  sufficiently  short  wavelength  to  allow  efficient  1+1 
REMPI  detection. 
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Table  1.  Spectral  data  for  aromatic  hydrocarbons 


Molecule 

IE(eV) 

Maximum  X  for  1+1 
REMPI  (nm) 

Onset  X  (nm) 

Benzene 

9.24 

268.4 

260.0  (strong) 

267.0  (weak) 

Toluene 

8.82 

281.2 

267.0 

Ethylbenzene 

8.76 

283.1 

267.0 

Xylenes 

8.44  (p) 

293.8 

272.0 

8.56  (0,  m) 

289.7 

270.0  (m) 

Aniline 

7.70 

322.1 

291.2 

Styrene 

8.47 

292.8 

287.8 

Phenol 

8.51 

291.4 

275.0 

Indene 

8.14 

304.6 

287.9 

Key:  IE  =  ionization  energy;  eV  =  electron  volt;  X  =  wavelength;  nm  =  nanometer;  o  = 
ortho;  m  =  meta;  p  =  para. 


The  resonant  photon  absorption  that  initiates  a  1+1  REMPI  event  has  the  same 
cross-section  as  conventional  one-photon  absorbance.  The  wavelength  selectivity  of  the 
subsequent  photon  transition  from  the  resonant  state  to  the  ionization  continuum  is 
expected  to  be  low  in  most  cases.  Thus,  the  action  spectrum  of  ion  current  versus 
wavelength  in  a  one-color  experiment  should  resemble  the  conventional  absorbance 
spectrum,  but  this  assumption  has  not  been  rigorously  tested  to  our  knowledge.  The 
optically  thin  nature  of  free  jet  expansions  or  molecular  beams  makes  a  direct  absorbance 
measurement  difficult,  and  too  little  REMPI  work  has  been  done  in  the  ambient  pressure 
regime. 


Our  investigation  of  indene,  C9H8,  under  ambient  pressure  REMPI  conditions  gives 
us  the  opportunity  to  examine  the  validity  of  this  assumption.  Indene  is  an  excellent 
candidate  molecule  for  ambient  pressure  REMPI  study  for  many  reasons:  it  is  a  polycyclic 
aromatic  hydrocarbon,  which  allows  us  to  examine  the  issue  of  spectral  congestion;  the 
room  temperature  vapor  pressure  (ca.  2  toir)  of  indene  means  the  molecule  is  amenable  to 
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headspace  analysis;  the  molecule  can  be  efficiently  ionized  in  the  wavelength  region  of  its 
first  singlet  transition  via  a  1+1  REMPI  process,  and  consequently  the  durable  and  efficient 
rhodamine  class  of  laser  dyes  can  easily  supply  the  requisite  visible  output  needed  for 
frequency-doubling  into  this  wavelength  region;  the  gas-phase  UV-VIS  absorption 
spectrum  of  indene  exhibits  relatively  narrow  features.  All  these  factors  make  indene  a 
suitable  molecule  for  investigation.  The  room  temperature  1+1  and  2+2  REMPI  spectra  of 
indene  in  ambient  air  are  reported  here  for  the  first  time.  The  1+1  REMPI  spectrum  for  a 
supersonic  jet  expansion  has  been  partially  analyzed  by  Kendler  et  al.* 

B.  IMultiphoton  Processes:  Historical  Background 

Multiphoton  spectroscopy  involves  the  simultaneous  absorption  of  two  or  more 
photons,  generally  in  the  visible  or  ultraviolet  regions.  Vibronic  and  electronically  excited 
states  not  seen  in  single-photon  spectroscopy  can  be  observed  owing  to  different  selection 
rules  and  transition  probabilities.  Although  simultaneous  two-photon  absorption  (TP A) 
was  theorized  by  Goeppert-Mayer^  in  1931,  experimental  observation  of  TPA  (the  lowest- 
order  multiphoton  process)  in  molecules  had  to  await  the  advent  of  high-intensity  pulsed 
lasers  in  the  late  1960s.  Conventional  non-laser  sources  (discharge  lamps)  were  unable  to 
induce  TPA  in  molecules  due  to  the  high-intensity  conditions  that  must  be  satisfied  in 
multiphoton  transitions.  Compared  to  a  typical  single-photon  cross-section  (10‘**  cm^), 
multiphoton  cross-sections  for  two-photon  and  three-photon  processes  are  typically 
10'^^  cm'^  s  and  10  *^  cm^  s^,  respectively.^  Thus,  the  laser  provides  the  high-photon  flux 
needed  to  overcome  these  low  multiphoton  cross-sections. 

Gas-phase  multiphoton  ionization  (MPI)  was  first  demonstrated  as  a  spectroscopic 
technique  in  1975.  Johnson  et  al.^*^  and  Dalby  et  al.®  reported  the  initial  observations  of 
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MPI  in  the  molecular  systems  of  nitric  oxide,  benzene,  and  iodine,  respectively.  The 
ionization  cell  configuration  in  many  of  these  early  experiments  was  a  thin  wire  axially 
positioned  in  a  cylindrical  metal  tube  and  positively  biased  at  100  V.  The  laser  was 
focused  into  a  cell  filled  with  the  analyte  vapor  at  a  few  torr  pressure.  Free  electrons 
created  in  the  MPI  process  were  collected  at  the  positively  biased  wire.  The  resulting 
current  was  amplified  and  the  signal  displayed  on  a  chart  recorder.  Alternatively,  the  thin 
axial  wire  and  cylindrical  tube  can  be  replaced  with  two  parallel  plate  electrodes. 

Reviews  on  the  development  of  multiphoton  spectroscopy  can  be  found  in  the 
literature.^’^’*  Although  MPI  spectroscopy  has  been  applied  to  samples  in  the  solid  and 
liquid  phases,  our  primary  interest  lies  in  the  investigation  of  gas-phase  molecules.  The 
next  section  will  describe  various  MPI  processes  that  may  occur  for  molecules  in  the  gas 
phase. 

C.  Gas-Phase  MPI 

MPI  spectroscopy  is  based  upon  the  ionization  of  an  excited  state  formed  by  a 
multiphoton  transition.  Thus,  the  final  state  reached  optically  in  a  MPI  process  is  an 
ionization  continuum  rather  than  a  bound  energy  state.  A  simplified  molecular  energy- 
level  diagram  is  shown  in  Figure  1.  In  this  example,  the  molecule  has  sufficiently  low 
ionization  energy  that  ionization  can  occur  through  the  simultaneous  absorption  of  two 
photons.  The  first  step  is  sometimes  simplistically  considered  to  involve  excitation  of  the 
molecule  to  a  short-lived  (10'*^  s)  virtual  state,  followed  by  absorption  of  the  second 
(ionizing)  photon.  This  ionization  process,  referred  to  as  non-resonant  MPI,  is  inefficient. 
A  tightly  focused  laser  beam  is  commonly  used  to  provide  the  high-photon  flux  needed  for 
these  multiphoton  transitions,  and  the  non-resonant  process  provides  limited  selectivity 


6 


Figure  1 .  Simplified  energy-level  diagram  for  a  molecule 
undergoing  a  non-resonant  MPI  process.  Key:  G  =  ground 
electronic  state;  IE  =  ionization  energy.  The  small  dashed  line 
represents  a  virtual  state. 
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since  all  molecules  with  sufficient  ionization  energies  can  be  ionized  with  similar 
efficiencies. 

Enhanced  selectivity  can  be  obtained  through  a  two-photon  (the  easiest  and  most 
efficient  case)  ionization  process  that  utilizes  a  real  intermediate  (resonant)  electronic  state 
as  a  "stepladder"  towards  ionization.  The  ionization  efficiency  of  this  process,  termed 
resonance  enhanced  multiphoton  ionization  (REMPI),  is  several  orders  of  magnitude 
greater  than  non-resonant  MPI  processes.  Conventional  terminology  is  to  refer  to  m+n 
REMPI,  where  m  is  the  number  of  photons  that  must  be  absorbed  to  reach  the  intermediate 
excited  state  (the  resonance),  and  n  the  additional  number  of  photons  that  must  be  absorbed 
to  ionize  the  molecule.  In  the  REMPI  processes  described  here,  the  photons  are  of 
identical  wavelength  (single  color). 

It  is  interesting  to  note  that  REMPI  is  essentially  a  laser-based  elaboration  of  the 
familiar  single-photon  photoionization  detector  (PID)  commonly  found  in  gas 
chromatographs  and  organic  vapor  analyzers.^’*”  Conventional  PIDs  use  low-intensity 
discharge  lamps  that  provide  continuous  broadband  light  in  the  vacuum  ultraviolet  region. 
Molecules  that  absorb  the  short-wavelength  lamp  photons  are  ionized,  and  the  ion  current 
is  measured.  The  ionization  process  in  this  case  is  practically  non-selective;  all  species 
whose  ionization  energy  is  less  than  the  photon  energy  of  the  light  source  are  ionized. 

In  contrast,  the  light  source  for  the  REMPI  process  is  a  pulsed  laser,  ideally  one 
whose  wavelength  can  be  tuned  in  the  ultraviolet  or  visible  spectral  region.  A  simplified 
molecular  energy-level  diagram  depicting  a  1+1  REMPI  process  is  shown  in  Figure  2.  In 
this  ionization  procedure,  the  first  photon  absorbed  by  the  molecule  excites  an  intermediate 
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electronic  state.  In  most  molecules,  the  lifetime  of  the  intermediate  state  is  on  the  order  of 


Figure  2.  Simplified  energy-level  diagram  for  a  molecule 
undergoing  a  1+1  REMPI  process.  Key:  G  =  ground 
electronic  state;  R  =  intermediate  (resonant)  electronic  state; 
IE  =  ionization  energy;  =  molecular  ion;  e‘  =  electron. 
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a  typical  dye  laser  pulse  (10  -10’  s)  so  that  absorption  of  the  second  photon  raises  the 
molecule  into  the  ionization  continuum.  The  relatively  long  excited  state  lifetime  relaxes 
the  high  laser  power  requirements  that  are  typical  in  non-resonant  MPI  processes.  The 
high  selectivity  of  the  REMPI  process  follows  from  the  structured  UV-VIS  absorption 
spectrum  of  the  neutral  molecule.  Thus,  by  tuning  the  laser  wavelength  to  selectively 
populate  resonant  states  in  molecules  of  interest,  one  can  obtain  selective  ionization. 

In  addition  to  1+1  REMPI  excitation,  higher-order  multiphoton  processes  can  be 
used  to  probe  molecular  species.  A  simplified  energy-level  diagram  depicting  a  2+2 
REMPI  process  is  shown  in  Figure  3.  In  this  ionization  procedure,  two  photons  must  be 
simultaneously  absorbed  to  reach  the  intermediate  electronic  state,  followed  by  the 
successive  absorption  of  two  additional  photons  to  ionize  the  molecule.  Since  detection  via 
2+2  REMPI  incorporates  non-resonant  (virtual)  states,  the  transition  probability  is  lower 
compared  to  a  1+1  REMPI  excitation  scheme.  Usually,  a  focused  laser  beam  is  used  to 
provide  the  high-photon  flux  required  for  the  2+2  REMPI  process.  In  addition,  much 
higher  sample  concentrations  are  used,  which  reduces  the  overall  sensitivity  of  the  2+2 
REMPI  process. 

The  transition  probability  and  therefore  the  ion  yield  in  a  REMPI  process  is  clearly 
dependent  on  the  intensity  of  the  laser  light.  In  general,  the  i-photon  transition  probability 
is  proportional  to  the  i*  power  of  the  laser  intensity.  This  relationship  is  called  the  formal 
intensity  law  for  the  multiphoton  transition.  One  can  determine  the  order  of  the 
multiphoton  transition  from  the  slope  of  a  bi-logarithmic  plot  of  ion  yield  versus  laser 
intensity.  For  REMPI  processes,  the  intensity  law  holds  at  low  to  moderate  laser  photon 
flux.  Optical  (absorption)  and  geometric  (focusing)  saturation  effects  that  are  common 
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Figure  3.  Simplified  energy-level  diagram  for  a  molecule 
undergoing  a  2+2  REMPI  process.  Key:  G  =  ground 
electronic  state;  R  =  intermediate  (resonant)  electronic  state; 
IE  =  ionization  energy;  =  molecular  ion;  e'  =  electron. 
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under  high  laser  intensity  conditions  will  often  lead  to  a  significant  deviation  from  the 
intensity  law. 

By  limiting  the  l^er  intensity  to  10'*-10^  W/cm^,  the  absorption  of  photons  in  a 
REMPI  process  will  result  in  the  exclusive  formation  of  molecular  ions.  Since  absorption 
of  photons  by  the  molecular  ions  is  negligible  at  this  low  laser  light  intensity,  no 
fragmentation  takes  place.  The  formation  of  only  molecular  ions  is  commonly  referred  to 
as  a  soft  ionization  procedure.  In  a  hard  ionization  process,  which  occurs  at  higher  laser 
intensity,  additional  photons  are  absorbed  by  the  molecular  ions,  which  then  follow  the 
energetically  and  kinetically  most  favored  fragmentation  pathway.^*  At  sufficient  laser 
intensities,  the  total  destruction  of  a  molecule  into  its  atomic  particles  is  possible.  A 

1  1  <5 

discussion  of  this  absorption-fragmentation  mechanism  can  be  found  in  the  literature.  ’ 
Thus,  the  extent  of  fragmentation  can  be  controlled  in  a  REMPI  process  by  the  choice  of 
laser  intensity.  The  next  section  will  describe  a  mass-selective  detection  scheme  that  is 
commonly  applied  in  tandem  with  REMPI. 

D.  Time-of-Flight  Mass  Spectrometry  (TOFMS) 

Time-of-flight  mass  spectrometry  (TOFMS)  takes  advantage  of  the  small-volume, 
pulsed  ion  production  by  REMPI. The  fundamental  components  of  a  time-of-flight 
mass  spectrometer  are  an  ion  source,  a  differentially  pumped  drift  tube,  and  an  ion  detector. 
In  a  typical  experiment,  a  gaseous  sample  is  ionized  with  a  pulsed  laser  that  is  passed 
between  two  parallel  grids.  A  negative  bias  between  the  grids  causes  the  nascent  ions  to  be 
accelerated  at  equal  kinetic  energies  in  the  direction  of  the  differentially  pumped  drift  tube. 
The  ions  enter  the  collision-free  (high  vacuum)  drift  tube  at  velocities  that  are  dependent 
upon  their  respective  masses.  Thus,  ions  can  be  physically  separated  according  to  their 
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mass.  From  the  reference  frame  of  the  ion  detector,  the  ions  are  separated  in  time  with  the 
lighter  ions  arriving  first.  Hence,  mass-to-charge  ratios  for  ionized  species  can  be 
determined  from  the  flight  times.  In  general,  the  flight  time  is  inversely  proportional  to  the 
square  root  of  the  mass. 

The  time-of-flight  mass  spectrometer  is  an  efficient  mass-selective  detector.  In 
addition  to  its  low  cost  and  simplistic  design,  the  instrument  is  capable  of  detecting  an 
entire  mass  spectrum  with  each  ionizing  laser  pulse.  The  combination  of  REMPI  and 
TOFMS  results  in  a  two-dimensional  analysis  technique  with  the  parameters  of  laser 
wavelength  and  ion  mass.  Reviews  on  the  theory  and  development  of  REMPI/TOFMS  can 
be  found  in  the  literature.”’*®’*^  The  next  section  presents  a  discussion  of  another  common 
experimental  technique  used  in  REMPI. 

E.  Jet  Spectroscopy 

The  gas-phase  UV-VIS  absorption  spectra  of  polyatomic  molecules  at  room 
temperature  exhibit  generally  broad  and  relatively  unstructured  bands  owing  to  the  large 
number  of  vibrational  and  rotational  states  that  are  populated  per  the  Boltzmann 
distribution.  The  spectral  selectivity  inherent  in  the  REMPI  process  is  reduced.  Jet 
spectroscopy  is  a  low-temperature,  gas-phase  technique  that  provides  great  spectral 
simplification.*® 

In  a  typical  jet  experiment,  the  molecule  of  interest  is  "seeded"  in  a  noble  carrier 
gas  and  expanded  through  a  small  orifice  or  nozzle  into  a  high  vacuum.  This  process, 
referred  to  as  a  supersonic  jet  expansion,  translationally  cools  the  gas  mixture.  A  series  of 
two-body  collisions  between  the  cold  carrier  gas  atoms  and  the  seed  molecules  results  in 
the  relaxation  of  molecular  internal  degrees  of  freedom.  Hence,  the  seed  molecules 
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become  cooled  translationally,  rotationally,  and  to  a  lesser  extent,  vibrationally.  The  seed 
molecules  do  not  condense  because  they  are  isolated  from  one  another  by  the  carrier  gas. 
Rotational  cooling  sharpens  the  molecule’s  spectral  features  from  typically  nanometer 
widths  to  hundredths  or  even  thousandths  of  a  nanometer.'^ 

In  many  jet  experiments,  a  skimmer  is  placed  in  the  supersonic  expansion,  which 
results  in  the  formation  of  a  molecular  beam.  These  molecular  beam  techniques  produce 
"spectroscopically"  cold  molecules  that  possess  a  narrow  velocity  distribution.  Ionized 
species  produced  under  these  conditions  are  amenable  to  mass  analysis  via  TOFMS.  Thus, 
jet  spectroscopic  techniques  inherently  provide  increased  spectral  and  mass  resolution  in 
REMPI  processes.  Hollas  and  Phillips^”  provide  an  excellent  review  on  current  jet 
spectroscopic  techniques. 

F.  Ambient  Pressure  REMPI 

Jet-REMPI/TOFMS  has  become  a  popular  laboratory  research  technique  owing  to 
its  outstanding  combination  of  sensitivity  and  selectivity.  A  variety  of  molecules  have 
been  studied  via  jet-REMPI/TOFMS,  where  the  usual  emphasis  is  on  the  wavelength 
dependence  of  the  molecular  transitions  to  obtain  fundamental  spectroscopic  properties. 
However,  supersonic  cooling  and  TOFMS  require  high  vacuum  conditions  that  make  them 
unsuitable  for  real-time  chemical  analysis.  From  an  analytical  perspective,  the  benefits  of 
cooling  obtained  in  jet  or  molecular  beam  techniques  are  partially  offset  by  the  reduction  in 
analyte  number  density.  REMPI  could  serve  a  wide  range  of  applications  in  environmental 
analysis,  indoor/outdoor  air  quality,  and  leak  detection,  but  the  complexity  and  cost  of  the 
requisite  high-vacuum  systems  has  hampered  progress.  It  is  interesting  to  note  the 
common  misconception  that  REMPI  ion  collection  requires  high  vacuum  conditions.  With 
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the  exception  of  a  few  groups,  relatively  little  work  has  been  devoted  to  ambient  pressure 
REMPI  detection  methods.  The  following  paragraphs  will  provide  a  brief  discussion  of 
those  groups  who  have  carried  out  ambient  pressure  REMPI  experiments. 

The  first  report  of  ambient  pressure  REMPI  was  in  1979  by  Brophy  and  Rettner,^^ 
who  studied  1+1  REMPI  of  aniline  in  air.  They  used  a  simple  ionization  ceU  in  which  the 
UV  output  from  a  pulsed  frequency-doubled  dye  laser  was  focused  between  two  parallel 
copper  plates  biased  at  10  V.  The  resulting  ion  current  was  measured  with  an  electrometer. 
The  1+1  REMPI  spectrum  exhibited  significant  structure.  The  concentration  of  aniline  was 
in  the  ppmv  range. 

In  the  late  1970s  and  early  1980s,  a  group  at  the  Aerospace  Corporation  (Los 
Angeles,  CA)  conducted  a  series  of  experiments  that  demonstrated  the  sensitivity  of 
ambient  pressure  REMPI.  Naphthalene  vapor  at  concentrations  below  lO’  molecules/cm^ 
could  be  detected  in  buffer  gases  of  argon,  nitrogen,  and  air  at  atmospheric  pressure.^^  The 
naphthalene  detection  limit  in  nitrogen  was  estimated  at  5  x  lO'^  molecules/cm^.^^  In  these 
experiments,  the  focused  frequency-doubled  output  of  a  Nd:  YAG  (neodymium:  yttrium 
aluminum  garnet)  pumped  dye  laser  was  used  to  measure  the  1+1  REMPI  spectrum  in  the 
vicinity  of  naphthalene’s  second  singlet  transition  (S2<— So)  at  279  nm.  Ion  generation  was 
monitored  through  the  use  of  a  proportional  counter  detector.  The  ionization  cell  was  also 
coupled  to  a  conventional  gas  chromatograph  and  mass  detection  limits  on  the  order  of  10 
picograms  were  obtained  for  anthracene,  phenanthrene,  benzanthracene,  acenaphthene, 
naphthalene,  and  various  halonaphthalenes.^'^ 

In  the  early  1990s,  researchers  at  the  University  of  Glasgow  (Glasgow,  UK)  used 
1+1  REMPI  to  selectively  detect  trace  quantities  of  nitric  oxide  photolyzed  from  nitrogen 
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dioxide  in  air  at  atmospheric  pressure.^^  A  detection  limit  for  nitrogen  dioxide  was 
estimated  at  150  ppbv  (parts  per  billion  by  volume).  In  addition,  nitrobenzene  and  ortho- 
nitrotoluene  were  detected  in  ambient  air  via  1+1  REMPI  at  concentrations  in  the  ppmv 
range.^^  These  nitroaromatic  compounds  are  the  main  substituents  in  explosives.  Benzene 
vapor  was  also  detected  in  ambient  air  via  1+1  REMPI  at  a  sensitivity  of  25  ppbv.^^  In 
these  REMPI  experiments,  the  excitation  source  was  an  excimer  pumped  dye  laser  that  was 
frequency-doubled  to  provide  focused  UV  light  in  the  224-264  nm  wavelength  region.  The 
ionization  cell  was  a  metal  box  that  housed  two  parallel  copper  plates  biased  at  100  V.  The 
ion  current  was  collected  with  a  pre-amplifier  and  subsequently  digitized  for  data  analysis. 

During  the  same  time  period,  Ogawa  et  al.  ’  ’  studied  laser  two-photon  ionization 
detection  of  aromatic  molecules  on  liquid  and  metal  surfaces  in  ambient  air.  In  their 
experiments,  a  pulsed  nitrogen  laser  at  337  nm  was  focused  onto  an  adsorbed  sample  or 
liquid  droplet.  A  positively  biased  (2.5  kV)  electrode  was  used  to  collect  photoelectrons 
released  by  the  two-photon  ionization  process.  The  entire  assembly  was  housed  within  a 
metal  box  at  atmospheric  pressure.  The  generated  ion  current  was  collected  with  a  pre¬ 
amplifier  and  sent  to  a  digital  storage  oscilloscope  (DSO)  for  data  analysis.  Ogawa’s 
results  indicated  that  the  photoionization  signal  was  approximately  linear  with  respect  to 
solute  concentration.  Although  these  experiments  were  performed  under  ambient-pressure 
conditions,  the  fixed  wavelength  excitation  could  not  exploit  the  inherent  spectral 
selectivity  of  REMPI. 

Similarly,  Schechter  et  al.^*’^^  used  a  single  wavelength  (248  nm)  firom  a  krypton 
fluoride  excimer  laser  to  ionize  organic  molecules  (demonstrated  with  benzene)  in  a 
vacuum  via  non-resonant  MPI.  To  the  time-resolved  ion  current  data,  they  applied 
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chemometric  techniques  to  extract  information  on  the  ion  masses  and  number  of  ions.^^ 
Although  their  method  was  touted  as  an  ambient-pressure  detection  scheme,  examination 
of  their  experimental  procedure  clearly  shows  that  high  vacuum  conditions  (10'^  torr)  were 
employed.  In  addition,  the  spectral  selectivity  of  REMPI  was  not  utilized.  Using  an 
experimental  apparatus  similar  to  Ogawa’s  group,  Schechter  et  al.  also  detected  pyrene  in 
droplets^"^  and  soil^^’^®  samples  in  ambient  air. 

More  recently,  Gillispie,  Swenson,  and  co-workers  have  detected  aniline,  styrene, 
acetaldehyde,  and  BTEX  (benzene,  toluene,  ethylbenzene,  xylenes)  species  via  1+1  REMPI 
in  atmospheric  pressure  air.^^’^®’^’  Detection  limits  of  less  than  1  ppbv  have  been  obtained. 
In  their  experiments,  REMPI  spectra  were  collected  by  scanning  the  light  from  a 
frequency-doubled  dye  laser  into  a  simple  ionization  cell  under  ambient  conditions.  The 
main  focus  of  their  REMPI  work  was  obtaining  limits  of  detection  for  chemical  species  that 
are  of  interest  to  the  United  States  Air  Force.  The  next  chapter  will  provide  a  description 
of  the  experimental  apparatus  that  was  for  our  REMPI  measurements  at  ambient 
conditions. 
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II.  EXPERIMENTAL 


A.  Pump  Laser 

The  pump  laser  for  these  experiments  is  the  second  harmonic  of  a  50  Hz  Big  Sky 
Laser  Technology  CFR-200  Nd:  YAG  laser.  The  laser  head  contains  a  Q-switched 
Nd:  YAG  oscillator  and  KTP  (potassium  trihydrogen  phosphate)  frequency-doubling 
module  that  is  connected  by  umbilical  cables  to  a  rack-mountable  control  unit  and  cooling 
system.  The  pump  laser  provides  a  pulse  energy  of  50  mJ  at  532  nm.  The  pulse  width  is 
10  ns  at  full  width  at  half  maximum  (FWHM). 

The  control  unit  is  powered  by  1 10  V  AC  and  provides  the  high  voltage  required  to 
flash-pump  the  laser  rod,  as  well  as  manage  the  system  timing,  safety  interlocks,  and 
synchronization  of  the  laser  system.  The  laser  head  is  pressurized  with  5  psi  of  dry 
nitrogen  to  prevent  condensation  on  the  optics.  An  oven  mounted  in  the  resonator 
enclosure  keeps  the  KTP  crystals  dry  and  stabilizes  the  frequency-doubled  output.  The 
Nd:YAG  laser  uses  a  distilled  water  cooling  system  with  a  liquid-to-air  heat  exchanger  to 
cool  the  flashlamp  and  laser  rod. 

B.  Dye  Laser 

The  dye  laser  oscillator  consists  of  a  commercial  Littman  grazing  incidence  dye 
laser  (Lumonics  Hyperdye-300)  that  has  been  modified  by  replacing  its  flowing  dye  cell 
with  a  Bethune  prism  cell.'”’  The  prism  beam  expander  has  also  been  eliminated,  which 
increases  the  visible  linewidth  to  0.4  cm'*.  The  visible  linewidth  is  degraded  upon  removal 
of  the  prism  beam  expander  because  the  irradiated  length  along  the  diffraction  grating  is 
reduced.  A  second  Bethune  prism  cell  is  used  as  a  single-stage  amplifier.  The  oscillator 
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and  amplifier  cells  each  have  a  bore  diameter  of  2  mm  and  a  length  of  25  mm.  A 
centrifugal  dye  pump  circulates  a  0.3  mM  rhodamine  590  dye  solution  through  both  prism 
cells  from  a  500  mL  reservoir.  The  dye  circulation  system  is  made  from  6.35  mm 
(0.25  in.)  diameter  tubing  that  incorporates  Swagelok  and  quick-connect  components.  The 
return  dye  lines  pass  through  a  small  refrigerator  (Avanti)  in  order  to  cool  the  dye,  which 
improves  long  term  amplitude  stability. 

The  scan  control  unit  (SCU)  provides  wavelength  scanning  of  the  Hyperdye-300 
dye  laser.  It  can  be  operated  either  through  a  remote  keypad  or  the  acquisition  computer 
(serial  port).  The  SCU  drives  a  worm-and-wheel  mirror-stage  stepper-motor  that  uses  an 
incremental  shaft  encoder  and  an  optoelectronic  home  sensor  to  electronically  record  the 
mirror  angle.  The  central  processing  unit  of  the  SCU  then  converts  the  tuning  mirror  angle 
into  wavelength  units.  An  optogalvanic  cell'**  is  used  to  calibrate  the  dye  laser  and  measure 
the  laser  linewidth  of  the  visible  dye  output.  Software  routines  written  in  (^uick  Basic  are 
used  to  control  the  SCU  from  the  acquisition  computer. 

C.  Experimental  Apparatus 

A  schematic  of  the  ambient  pressure  REMPI  set-up  is  shown  in  Figure  4.  The 
apparatus  is  mounted  on  a  4  ft  (1.2  m)  by  8  ft  (2.4  m)  Newport  optical  table.  The  optical 
components  are  oriented  to  avoid  focused  reflections  firom  entering  the  laser  head  and 
oscillator  cavity.  A  supported  plywood  roof  that  is  attached  with  plastic  curtains  covers  the 
breadboard.  The  plastic  curtains  protect  the  optical  components  fi'om  dust  and  block  stray 
reflections. 

A  20%  reflective  (at  45°)  beamsplitter  (BSl,  Figure  4)  is  used  to  supply  the 
oscillator  (OSC,  Figure  4)  with  20%  of  the  Nd:YAG  pump  beam  (Big  Sky,  Figure  4).  The 
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Figure  4.  Schematic  diagram  of  the  experimental  apparatus  used  for  ambient  pressure 
REMPI  measurements.  Key:  Big  Sky  =  NdcYAG  pump  laser;  BSl  =  20%  at  45° 
beamsplitter;  Ml  =  100%  at  0°  dichroic  mirror;  M2  =  100%  at  45°  mirror;  CL  =  15  cm 
cylindrical  lens;  HD-300  =  Hyperdye-300  tuning  system;  OSC  =  Bethune  oscillator; 

W  =  BK-7  wedge;  II  =  3  mm  iris;  AMP  =  Bethune  amplifier;  DC  =  KDP  doubling  crystal; 
SF  =  Schott  UG-1 1  filter;  12  =  adjustable  iris. 
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remainder  is  delayed  by  approximately  four  nanoseconds  before  reaching  the  amplifier 
(AMP,  Figure  4).  The  optical  delay  line  consists  of  a  100%  reflective  (at  0°)  dichroic 
mirror  (Ml,  Figure  4)  and  a  100%  reflective  (at  45°)  mirror  (M2,  Figure  4).  Delaying  the 
pumping  of  the  amplifier  with  respect  to  the  oscillator  reduces  amplified  spontaneous 
emission.  With  the  pump  beam  delay,  the  amplifier  will  not  provide  gain  until  the 
oscillator  has  reached  threshold.  Therefore,  amplification  of  the  initial  broadband 
fluorescence  in  the  oscillator  is  minimized.'^^ 

For  both  prism  cells,  the  5  mm  diameter  pump  beam  is  broadened  by  passing 
through  the  focal  point  of  a  15  cm  cylindrical  lens  (CL,  Figure  4)  and  diverging  to  fill  the 
25  mm  long  bore.  This  optical  arrangement  ensures  that  the  entire  25  nun  wide  faces  of  the 
Bethune  prism  cells  are  irradiated  with  the  pump  beam.  This  focusing  condition  results  in 
a  2  nun  (bore  diameter)  by  25  nun  (length)  cylindrical  gain  region  of  excited  dye  molecules 
with  each  pulse  of  the  pump  beam. 

A  BK-7  wedge  (W,  Figure  4)  is  used  as  the  output  coupler  to  reflect  4%  of  the 
excited  dye  molecule  emission  back  through  the  active  gain  region.  The  amplified 
feedback  beam  is  incident  on  the  2400  //nun  holographic  diffraction  grating  at  near  grazing 
incidence  (86°).  The  dispersed  beam  from  the  grating  is  reflected  back  by  the  tuning 
mirror  positioned  at  variable  angles  with  a  stepper  motor  controlled  rotation  stage  (HD- 
300,  Figure  4). 

The  visible  oscillator  beam  passes  through  a  3  nun  iris  (II,  Figure  4)  before  it  is 
amplified  to  several  millijoules  in  a  second  Bethune  prism  cell.  The  amplified  beam  is 
frequency-doubled  into  the  ultraviolet  region  with  an  Lirad  KDP  (potassium  dihydrogen 
phosphate)  doubling  crystal  (DC,  Figure  4).  The  phase  matching  angle  of  the  doubling 
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crystal  must  be  precisely  adjusted  as  the  wavelength  is  scanned  to  maintain  doubling 
efficiency.  The  correct  angle  is  obtained  by  a  stepper  motor  driven  rotation  stage. 

Software  routines  written  in  Quick  Basic  and  MatLab  are  used  to  drive  the  rotation  stage 
and  calibrate  the  doubling  crystal  to  the  wavelength  scanning  mechanism  of  the 
Hyperdye-300. 

A  Schott  UG-1 1  filter  (SF,  Figure  4)  is  positioned  after  the  doubling  crystal  to 
block  the  residual  visible  light.  Ultraviolet  pulse  energies  of  a  few  hundred  microjoules  in 
the  282-295  nm  range  are  routinely  generated  in  this  fashion.  The  unfocused  UV  laser 
light  is  then  directed  into  the  REMPI  cell.  An  adjustable  iris  (12,  Figure  4)  is  used  to 
prevent  ultraviolet  reflections  off  of  the  cell  windows  from  propagating  back  through  the 
optical  train. 

A  schematic  of  the  ambient  pressure  REMPI  cell  and  its  peripheral  components  is 
shown  in  Figure  5.  For  1+1  REMPI  measurements,  the  unfocused  frequency-doubled 
output  is  passed  between  copper  parallel  plate  electrodes  2  cm  in  diameter  and  separated  by 
1.5  cm.  The  copper  electrodes,  supported  by  BNC  feedthrough  flanges  (Ceramaseal,  Inc.), 
are  housed  within  the  opposite  ends  of  a  stainless  steel  four-way  cross  (MDC 
Manufacturing,  fric.)  and  biased  with  a  300  V  battery  (VB,  Figure  5).  The  electric  field 
between  the  electrodes  is  200  V/cm.  Plexiglas  cell  mounts  are  used  to  insulate  the  REMPI 
cell  from  the  optical  table  to  reduce  radio  frequency  noise  produced  by  the  laser  power 
supply.  The  laser  beam  passes  through  fused  silica  windows  sandwiched  between  Viton 
gaskets. 

A  fused  silica  beam  splitter  (BS2,  Figure  5)  positioned  after  the  REMPI  cell  is  used 
to  reflect  8%  of  the  transmitted  laser  energy  into  a  rhodamine-B  quantum  counter  (QC, 
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Figure  5.  Schematic  diagram  of  the  ambient  pressure  REMPI  cell 
and  peripheral  components.  Key:  VB  =  300  V  battery;  BS2  =  8% 
at  45°  beamsplitter;  QC  =  rhodamine  B  quantum  counter; 

PA  =  10*  V/A  pre-amplifier;  TEK  =  Tektronix  2440  DSO;  and 
PC  =  33  MHz  486  IBM  personal  computer. 
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Figure  5).  The  remainder  is  dumped  into  a  graphite  block.  The  quantum  counter  is  used  to 
correct  the  REMPI  signal  for  variations  of  the  dye  laser  pulse  energy  as  the  wavelength  is 
scanned.  For  2+2  REMPI  measurements,  a  10  cm  lens  is  used  to  focus  the  amplified 
visible  output  into  the  center  of  the  REMPI  cell.  A  Molectron  J-25  joulemeter  is  used  to 
measure  laser  energy  for  2+2  REMPI  experiments. 

Vapor  taken  from  the  headspace  over  the  neat  liquid  or  solid  is  injected  through  a 
septum  on  the  REMPI  cell  using  a  gas  chromatography  (Hamilton)  or  tuberculin  (B-D 
Glaspak)  syringe.  The  REMPI  cell  is  filled  with  ambient  laboratory  air  at  room 
temperature.  The  internal  volume  of  the  REMPI  cell  is  approximately  250  mL. 
Alternatively,  a  small  crystal  of  the  analyte  can  be  deposited  into  the  REMPI  cell  and 
allowed  to  equilibrate  at  room  temperature.  In  order  to  eliminate  residual  aromatic 
background  interference,  a  vacuum  oven  (VWR  Scientific  Products  1400E)  is  used  to  bake 
all  cell  components  at  1 10°C  for  several  hours. 

A  REMPI  spectrum  consists  of  the  integrated  ion  current  (hence  total  charge 
collected)  as  a  function  of  laser  wavelength.  The  small  REMPI  ion  currents  undergo  a 
10*  V/A  current-to-voltage  conversion  in  a  home-built  pre-amplifier  (PA,  Figure  5).  The 
amplified  voltage  versus  time  waveforms  are  displayed,  digitized  (1024  data  points),  and 
averaged  over  32  or  64  shots  in  a  200  MHz  Tektronix  2440  DSO  (TEK,  Figure  5).  The 
integrated  area  under  the  waveform  is  proportional  to  the  number  of  ions  created  by  the 
REMPI  process.  A  photodiode  is  used  to  ensure  stable  triggering  of  the  DSO. 

All  signal  data  recorded  by  the  oscilloscope  (REMPI,  quantum  coimter)  are 
downloaded  to  a  33  MHz  486  IBM  compatible  personal  computer  (PC,  Figure  5)  for 
permanent  storage  and  data  processing.  A  GPIB  card  (National  Instruments)  housed  within 
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the  acquisition  computer  is  used  to  communicate  with  the  DSO.  Software  routines  written 
in  MatLab  are  used  to  integrate  and  graph  both  REMPI  and  quantum  counter  waveforms. 
Unless  otherwise  noted,  the  integrated  REMPI  signal  is  divided  by  the  square  of  the 
integrated  quantum  counter  response  in  order  to  normalize  for  the  laser  power. 

D.  Absorbance  Experiments 

Medium-resolution  (0.03  nm  bandwidth)  absorbance  spectra  of  indene  are 
measured  with  a  Cary  500  UV-VIS-NIR  spectrophotometer  (Varian,  Inc.). 

E.  Reagents 

Unless  otherwise  stated,  all  chemicals  were  purchased  from  their  respective 
manufacturers  and  used  without  further  purification.  Indene  (99%),  indole  (90%),  and 
styrene  (98%)  were  purchased  from  Aldrich.  HPLC-grade  methanol  was  purchased  from 

E. M.  Science.  Rhodamine  590  dye  was  purchased  from  Exciton.  Helium  was  purchased 
from  GenEx.  Coal  tar,  creosote,  and  diesel  fuel  samples  were  obtained  from  Dakota 
Technologies,  Inc. 

F.  Power-Dependence  and  Pressure  Broadening  Experiments 

For  1+1  REMPI  power-dependence  experiments,  a  Newport  935-3  variable  beam 
attenuator  is  placed  after  the  Schott  UG-1 1  visible-blocking  filter.  This  optical  component 
allows  one  to  attenuate  the  frequency-doubled  output  without  changing  the  temporal  or 
spatial  characteristics  of  the  beam  profile.  For  pressure  broadening  experiments,  the 
REMPI  cell  is  evacuated  to  5  mtorr  with  a  mechanical  vacuum  pump  (Welch  Scientific 
Company)  that  incorporates  Swagelok  fittings.  The  cell  is  then  filled  with  one  atmosphere 
of  helium  or  maintained  at  reduced  air  pressure.  The  REMPI  signal  observed  is  generated 
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from  indene  that  is  left  over  from  previous  2+2  REMPI  experiments.  In  addition,  the 
300  V  battery  is  replaced  with  a  variable  (0-2. 1  kV),  high-voltage  power  supply  (Fluke 
412B)  to  prevent  saturation  of  the  pre-amplifier. 

G.  Styrene  1+1  REMPI  Spectrum 

The  ambient  pressure  REMPI  spectrum  of  styrene,  CgHg,  near  the  origin  of  its  first 
singlet  transition  has  been  re-examined  to  assess  apparatus  improvements  made  since  our 
previous  study.^^  The  corrected  1+1  REMPI  spectram  of  100  ppbv  styrene  in  air  at 
atmospheric  pressure  is  shown  in  Figure  6.  The  higher  signal-to-noise  and  reduced 
wavelength  step  (0.005  nm)  reveals  considerably  more  structure  in  the  spectra.  The 
complex  pattern  of  features  arises  from  a  combination  of  extensive  sequence  band  structure 
and  partially  resolved  rotational  contours.  Repeat  high-resolution  scans  taken  over  this 
same  1  nm  range  agree  very  well  with  the  spectrum  shown  in  Figure  6.  The  next  chapter 
will  discuss  the  results  obtained  for  our  REMPI  studies  at  ambient  conditions. 
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Figure  6.  Corrected  1+1  REMPI  spectrum  of  100  ppbv  styrene  in  ambient 
air.  Step  size  =  0.005  nm. 
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in.  RESULTS  AND  DISCUSSION 


A.  Ambient  Pressure  REMPI  Waveforms 

As  stated  previously,  a  REMPI  spectrum  consists  of  the  integrated  ion  current  as  a 
function  of  laser  wavelength.  Figure  7  depicts  typical  ion  current-time  waveforms  taken 
from  a  1+1  REMPI  spectrum  of  50  ppbv  indene  in  ambient  air.  The  normalized 
waveforms  acquired  at  different  laser  wavelengths  are  essentially  identical  in  shape.  The 
band  origin  of  the  first  singlet  transition  in  indene  has  an  intensity  maximum  at  287.86  nm 
(top  waveform,  Figure  7).  It  is  interesting  to  note  the  difference  in  signal  amplitude  that 
occurs  with  only  a  0.03  nm  shift  in  laser  wavelength. 

The  waveform  shapes  in  Figure  7  are  attributed  to  the  creation  by  REMPI  of 
electron-positive  ion  pairs  that  then  drift  to  the  electrodes  due  to  the  electric  field  as  they 
collide  with  ambient  air  molecules.  The  electrons  produced  in  the  REMPI  process  are 
expected  to  quickly  attach  to  the  abundant  oxygen  molecules  to  form  oxygen  anions. 
These  oxygen  anions  can  then  further  react  with  water  and  other  atmospheric 
constituents.'*^  After  diffusing  through  the  air,  the  anions  are  collected  at  the  positive 
electrode  and  the  cations  are  collected  at  the  negative  electrode.  When  a  charged  particle 
moves  between  the  electrodes,  it  induces  a  varying  charge  on  the  electrode  surfaces 
resulting  in  a  current  that  flows  through  a  circuit  connecting  the  electrodes.  This  induced 
current,  which  is  measured  with  a  pre-amplifier,  appears  when  the  charge  is  created  and 
continues  until  the  charged  particles  strike  the  electrode.  The  cations  approaching  the 
negative  electrode  and  the  anions  approaching  the  positive  electrode  are  both  recorded  by 
the  pre-amplifier  as  a  positive  current  flowing  from  the  negative  electrode  to  the  positive 
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Figure  7.  Ion  current-time  waveforms  for  1+1  REMPI  of  50  ppbv  indene  in 
ambient  air  at  laser  wavelengths  of  287.83  nm  and  287.86  nm. 
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electrode.  Thus,  the  anion  and  cation  contributions  to  the  current  are  superimposed.  The 
next  section  will  discuss  the  1+1  REMPI  results  for  indene  in  ambient  air. 

B.  The  1+1  REMPI  Spectra  of  Indene  in  Ambient  Air 

The  survey  1+1  REMPI  spectrum  (step  size  =  0.05  nm)  of  50  ppbv  indene  in 
ambient  air  is  shown  in  Figure  8.  This  spectrum  qualitatively  agrees  with  the  gas-phase 
absorbance  spectram  recorded  photographically  by  Byrne  and  Ross.'*^  The  electronic 
origin  lies  near  287.9  nm  (vide  infra)  and  the  lowest  in-plane  vibrational  frequency  in 
indene'^^  is  379.6  cm‘\  The  corresponding  wavelength  interval  in  this  spectral  region  is 
3.2  nm.  Thus,  the  bands  to  the  shorter  wavelength  side  of  286  nm  in  Figure  8  are  assigned 
to  Si  (first  excited  singlet  state)  fundamental  vibrations  active  in  the  electronic  transition 
from  the  ground  electronic  state.  The  pattern  around  the  origin  band  arises  from  hot  band 
sequence  transitions. 

Figure  9  displays  high-resolution  1+1  REMPI  spectra  (step  size  =  0.005  nm)  of 
50  ppbv  indene.  The  spectra  have  been  vertically  offset  for  clarity  purposes.  The  scans 
were  acquired  over  a  1  nm  range  in  the  vicinity  of  the  electronic  origin.  The  sequence- 
band  structure  and  partially  resolved  rotational  structure  are  now  seen  more  clearly.  The 
origin  band  of  the  first  singlet  transition  in  indene  has  a  peak  maximum  at  287.86  nm, 
compared  to  287.6  nm  in  styrene.  Apparently,  the  second  ring  in  indene  has  a  negligible 
effect  on  the  amount  of  pi-electron  conjugation.  Also,  note  how  well  the  quantum  counter 
correction  (trace  b.  Figure  9)  has  reduced  the  noise  associated  with  shot-to-shot  variation  in 
the  laser  power,  as  well  as  accounting  for  the  overall  laser  power  changes  over  the  gain 
profile  of  the  dye. 
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Figure  8.  Corrected  1+1  REMPI  spectrum  of  50  ppbv  indene  in  ambient  air.  Step 
size  =  0.05  nm. 
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Figure  9.  High-resolution  1+1  REMPI  spectra  of  50  ppbv  indene  in  ambient  air. 
Step  size  =  0.005  nm.  Key:  a  =  raw  spectrum  and  b  =  raw  spectrum  divided  by 
the  square  of  the  quantum  counter  response. 
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Repeat  rans  of  the  corrected  1+1  REMPI  spectrum  in  this  1  nm  region  showed  that 
the  sequence  band  structure  in  Figure  9  is  extremely  repeatable.  It  should  be  emphasized 
that  the  power  normalized  spectrum  in  Figure  9  has  not  been  smoothed  in  any  fashion  and 
the  data  acquisition  time  per  point  is  just  over  one  second.  The  signal-to-noise  is  excellent 
for  a  pulsed  dye  laser  experiment.  Although  a  full  analysis  was  not  attempted,  the 
sequence  band  stmcture  from  the  high-resolution  1+1  REMPI  spectrum  in  Figure  9  is  in 
good  agreement  with  the  vapor  absorption  spectrum  recorded  by  Hollas.^  This 
comparison  is  shown  in  Table  2. 


Table  2.  Indene  sequence  band  comparison  between  the  Hollas  vapor  absorption  spectrum 
and  high-resolution  1+1  REMPI  spectrum _ 


Assignment^ 

Absorption  Stuff  (cm'^) 

REMPI  ShiffCcm'^) 

e(l,l) 

24.5 

24.1 

b(l,l) 

47.2 

47.0 

a(l,l) 

56.5 

56.6 

c(l,l) 

68.4 

68.6 

b(2,2) 

93.7 

93.9 

a(l,l)b(l,l) 

103.6 

103.5 

a(2,2) 

112.3 

111.9 

^Reference  46;  '^his  work;  cm‘^  =  wavenumber. 


Since  the  indene  ground-state  vibrational  frequencies  have  been  characterized  in 
detail"*^,  it  should  be  possible  to  determine  many  of  the  low  frequency  vibrations  in  Si,  and 
how  they  pair  up  with  the  corresponding  vibrations  of  the  ground  state.  This  experiment 
could  be  accomplished  by  recording  the  sequence-band  structure  at  a  few  different 
temperatures.  Note  that  this  opportunity  does  not  exist  for  supersonic  jet  expansions 
because  the  cooling  process  collapses  the  population  distribution  to  the  lowest  vibrational 
level. 
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To  verify  the  two-photon  nature  of  the  1+1  REMPI  process,  the  power  dependence 
of  the  integrated  REMPI  signal  was  measured.  The  fit  of  the  integrated  REMPI  signal 
versus  laser  pulse  energy  is  shown  in  bi-logarithmic  form  in  Figure  10.  Three  averaged 
waveform  acquisitions  were  taken  for  each  pulse  energy  setting  and  are  plotted  to  indicate 
the  signal-to-noise  characteristics.  The  slope  of  1.9  is  very  close  to  the  expected  value  of  2. 
Thus,  under  these  experimental  conditions  the  formal  intensity  law  holds. 

Figure  1 1  shows  the  rotational  contour  of  the  origin  band  recorded  at  the  highest  (a) 
and  lowest  (b)  laser  pulse  energies  in  the  power-dependence  study.  This  contour  analysis 
corresponds  to  over  an  order  of  magnitude  difference  in  laser  pulse  energy.  The  surprising 
degree  of  rovibronic  structure  obtained  under  these  ambient  conditions  makes  indene  an 
excellent  candidate  for  on-  and  off-resonance  measmements.  Less  than  a  0.03  nm  shift  in 
the  ultraviolet  laser  wavelength  changes  the  REMPI  intensity  by  over  an  order  of 
magnitude.  The  high-resolution  1+1  REMPI  spectra  in  Figure  1 1  are  nearly  identical  after 
the  quantum  counter  normalization  has  been  applied  and  are  qualitatively  consistent  with 
the  high-resolution  vapor  absorption  spectrum  reported  by  Hartford  and  Lombardi.*^^ 
However,  the  narrow  feature  at  287.86  nm  is  over  2  cm'*  wide  (FWHM)  in  our  spectrum, 
compared  to  0.3  cm'*  (FWHM)  in  their  work.  The  next  section  will  discuss  the  factors  that 
may  contribute  to  this  discrepancy  between  the  high-resolution  1+1  REMPI  spectrum  and 
Lombardi’s  high-resolution  vapor  absorption  spectrum. 

C.  Line  Broadening  Factors 

The  rotational  contour  of  the  origin  band  in  the  high-resolution  1+1  REMPI 
spectrum  may  be  broader  than  in  the  Lombardi  high-resolution  vapor  absorption  spectrum 
for  one  or  more  of  the  following  reasons:  power  (intensity)  saturation,  pressure  broadening. 
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Ln(l  ntensity) 


Figure  10.  The  1+1  REMPI  signal  amplitude  as  a  function  of  laser  pulse  energy. 
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Figure  11.  The  1+1  REMPI  power-dependence  on  the  rotational  contour  of  the 
indene  origin  band.  Key:  a  =  highest  laser  energy;  b  =  lowest  laser  energy. 
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or  laser  bandwidth  versus  spectrophotometer  resolution.  The  following  paragraphs  will 
discuss  the  importance  of  these  three  factors.  The  natural  linewidth  broadening  and 
Doppler  broadening  are  negligible  by  comparison  and  are  not  discussed  here. 

Spectral  broadening  owing  to  power  (intensity)  saturation  is  a  potential  concern 
when  using  a  high-intensity  light  source  such  as  a  pulsed  dye  laser.  In  a  1+1  REMPI 
process,  power  saturation  may  occur  if  the  absorption  cross-section  to  the  excited 
intermediate  state  is  much  larger  than  the  absorption  cross-section  to  the  ground  ionic  state, 
which  is  a  characteristic  common  to  many  aromatic  molecules.'^*  K  careful  attention  to 
laser  power  is  not  paid,  it  is  possible  to  deplete  the  ground  state  population.  From  a 
REMPI  perspective,  power  saturation  could  lead  to  a  significant  deviation  from  the  formal 
intensity  law.  However,  Figure  1 1  shows  that  the  spectral  shape  of  the  rotational  contour  is 
virtually  unchanged  over  an  order  of  magnitude  range  in  laser  power.  These  spectra,  in 
combination  with  the  slope  of  1.9  from  Figure  10,  show  that  optical  and  geometric 
saturation  effects  are  not  significant  under  our  experimental  conditions. 

One  might  expect  that  the  most  probable  factor  affecting  the  REMPI  transition 
linewidth  is  pressure  broadening  since  our  data  are  collected  at  atmospheric  pressure, 
whereas  the  Lombardi  high-resolution  absorbance  measurements  were  performed  for 
pressures  less  than  or  equal  to  the  indene  room  temperature  vapor  pressure  (ca.  2  torr).  A 
rough  estimate  for  the  pressure  broadening  in  small  molecules  is  10  MHz/torr.'^^  At 
atmospheric  pressure,  the  broadening  would  be  0.3  cm  *,  but  the  REMPI  transition 
linewidth  is  much  larger  than  this  estimate.  However,  indene  (CgHg)  is  not  a  "small" 
molecule,  and  it  is  important  to  note  that  pressure  broadening  is  sensitive  to  the 
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intermolecular  forces  between  the  molecule  undergoing  the  spectroscopic  transition  and  the 
collision  partner.  Therefore,  it  is  important  to  examine  this  issue  further. 

Figure  12  shows  the  rotational  contour  of  the  origin  band  in  ambient  air  and  at  a 
reduced  air  pressure  of  100  mtorr.  Both  spectra  have  been  normalized  to  their  most  intense 
feature  at  287.86  nm.  The  100  mtorr  pressure  is  significantly  lower  than  the  saturated 
vapor  pressure  of  indene  (ca.  2  torr).  It  is  evident  that  some  narrowing  does  occur,  but 
probably  not  to  the  extent  that  pressure  broadening  is  the  sole  factor  involved  in  the 
broadening  of  the  REMPI  transition  linewidth.  Figure  13  shows  the  rotational  contour  of 
the  origin  band  in  ambient  air  and  1  atm  of  helium.  Both  spectra  have  been  normalized  to 
their  most  intense  feature  at  287.86  nm.  This  experiment  was  done  in  order  to  verify  the 
initial  pressure  broadening  results,  and  also  to  determine  if  the  helium  buffer  gas  would 
have  a  greater  effect  than  that  observed  at  reduced  air  pressure.  As  before,  some  narrowing 
does  occur,  but  not  to  the  extent  that  one  would  assume  if  the  high-resolution  1+1  REMPI 
and  Lombardi  absorbance  spectra  were  identical. 

The  fundamental  interest  in  what  pressure  broadening  effects  can  reveal  about 
intermolecular  forces  is  of  secondary  interest  to  us.  We  want  to  collect  the  data  at  ambient 
pressure,  regardless  of  the  effect  of  air  on  the  REMPI  transition  linewidth.  For  the 
nonpolar  molecule  indene,  the  pressure  broadening  is  discemable,  but  small.  However, 
other  molecules  that  are  suitable  for  analysis  via  ambient  pressure  REMPI  may  contain 
functional  groups  such  that  intermolecular  forces  play  a  larger  role  in  pressure  broadening. 
For  example.  Figure  14  shows  the  1+1  REMPI  rotational  contour  (origin  band)  of  indole, 
C8H7N,  in  ambient  air  and  at  a  reduced  air  pressure  of  100  mtorr.  Both  spectra  have  been 
normalized  to  the  intensity  maximum  at  283.75  nm  (Si<— So).  It  is  evident  that  the  degree 
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Figure  12.  The  1+1  REMPI  pressure-broadening  effects  on  the  rotational 
contour  of  the  indene  origin  band.  Upper  trace  =  indene  in  1  atm  air;  lower 
trace  =  indene  in  100  mtorr  air. 
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Figure  13.  The  1+1  REMPI  pressure  broadening  effects  on  the  rotational 
contour  of  the  indene  origin  band.  Upper  trace  =  indene  in  1  atm  air  and  lower 
trace  =  indene  in  1  atm  helium. 
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Figure  14.  The  1+1  REMPI  pressure-broadening  effects  on  the  rotational 
contour  of  the  indole  origin  band.  Upper  trace  =  indole  in  1  atm  air  and  lower 
trace  =  indole  in  100  mtorr  air. 
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of  broadening  is  substantially  greater  for  indole,  a  N-heterocyclic,  than  for  indene.  This 
type  of  information  may  prove  useful  in  the  future  for  the  mixture  analysis  of  samples  that 
have  overlapping  spectroscopic  transitions  and  are  prone  to  pressure  broadening. 

The  laser  bandwidth  also  accounts  in  part  for  the  observed  breadth  in  the  high- 
resolution  1+1  REMPI  spectrum  when  compared  to  Lombardi’s  high-resolution  absorbance 
spectrum.  The  bandwidth  in  the  visible  region  was  measured  to  be  0.4  cm'^  via  the 
optogalvanic  effect.  The  bandwidth  in  the  ultraviolet  region  was  not  measured  directly. 
Because  the  UV  light  is  obtained  by  frequency-doubling,  a  linewidth  of  0.8  cm‘^  might  be 
expected.  However,  a  linewidth  of  0.6  cm'^  could  be  predicted  owing  to  the  quadratic 
intensity  dependence  of  frequency-doubling. 

Both  pressure  broadening  effects  and  laser  bandwidth  contribute  to  the  slightly  low 
resolution  of  the  REMPI  transition  linewidth.  The  nature  of  the  second  absorption  cross- 
section,  which  is  associated  with  the  photon  transition  from  the  resonant  state  to  the 
ionization  continuum,  may  also  contribute.  For  a  1+1  REMPI  process,  the  wavelength 
dependence  of  the  second  absorption  cross-section  is  usually  low.  If  this  condition  is  true, 
then  the  1+1  REMPI  spectrum  should  resemble  the  conventional  absorbance  spectrum  in  a 
one-color  experiment.  However,  if  the  photoionization  cross-section  is  wavelength- 
dependent,  then  one  could  argue  that  the  1+1  REMPI  spectrum  would  not  be  identical  to 
the  absorbance  spectrum.  In  order  to  examine  this  issue  for  indene,  a  two-color  1+1 
REMPI  experiment  at  ambient  conditions  would  be  needed.  This  experiment  would 
require  two  independent,  tunable  dye  laser  systems.  The  first  laser  would  be  fixed  at 
287.86  nm  (Si<-So),  which  corresponds  to  the  intensity  maximum  of  indene’s  origin  band. 
The  second  dye  laser  would  then  be  scanned  through  Si,  and  the  ionization  yield  as  a 
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function  of  laser  wavelength  would  be  recorded.  If  optimal  conditions  in  the  two-color 
experiment  were  maintained  (line  broadening  factors  comparable,  sufficient  temporal 
overlap  of  the  dye  laser  pulses),  then  the  one-  and  two-color  1+1  REMPI  spectra  of  indene 
in  ambient  air  could  be  analyzed  in  order  to  characterize  the  wavelength  dependence  of  the 
photoionization  cross-section. 

D.  REMPI  versus  Conventional  Absorbance 

The  REMPI  and  conventional  absorbance  spectra  of  indene  are  compared  in  Figure 
15.  The  bottom  trace  is  the  1+1  REMPI  spectrum  of  100  ppbv  indene  in  atmospheric- 
pressure  air.  The  top  trace  is  the  saturated  indene  (2500  ppmv)  absorption  spectrum  in  air 
measured  with  a  Cary  500  UV-VIS-NIR  spectrophotometer  (Varian,  Inc.).  The  bandwidth 
of  the  spectrophotometer  is  0.03  nm.  Since  the  resolution  of  the  laser  is  better  than  the 
Cary  500,  the  1+1  REMPI  spectrum  is  better  resolved  and  its  indene  concentration  is  four 
orders  of  magnitude  lower  than  in  the  absorbance  measurement.  Clearly,  REMPI  is  much 
more  sensitive  than  conventional  absorbance  techniques. 

E.  Indene  Detection  in  Chemical  Mixtures 

Indene  was  selected  as  a  target  analyte  to  demonstrate  1+1  REMPI  detection  of 
single  components  in  complex  chemical  mixtures.  It  is  an  excellent  candidate  molecule  for 
several  reasons:  the  substance’s  volatility  (ca.  2  torr  room  temperature  vapor  pressure),  its 
highly  structured  spectrum,  and  its  known  presence  in  some  of  the  "heavier"  fuels.  For 
example,  the  composition  of  a  #2  fuel  oil  was  stated  to  be  0.022%  indene  and  1%  total 
indenes.^®  This  preliminary  study  involved  three  petroleum-based  samples:  coal  tar, 
creosote,  and  diesel  fuel. 
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Figure  15.  The  1+1  REMPI  and  conventional  absorbance  spectra  of  indene 
in  atmospheric  pressure  air. 
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Gaseous  samples  taken  from  the  headspace  over  the  petroleum  products  at  room 
temperature  were  injected  into  the  REMPI  cell.  Before  each  experiment,  the  cell  was 
baked  overnight  in  a  vacuum  oven,  which  reduced  background  signals  to  a  few  hundred 
microvolts.  The  1+1  REMPI  spectra  of  the  diluted  headspace  samples  taken  near  the 
indene  origin  band  are  shown  in  Figure  16.  The  upper  trace  (a)  is  50  pL  headspace  of  coal 
tar,  the  middle  trace  (b)  is  100  pL  headspace  of  creosote,  and  the  lower  trace  (c)  is  indene 
at  100  ppbv.  The  spectra  have  been  normalized  for  the  laser  power,  but  are  otherwise  on 
the  same  scale. 

The  indene  partial  pressure  after  the  5000  fold  dilution  of  the  headspace  sample  in 
the  REMPI  cell  is  estimated  as  2  ppbv.  In  the  coal-tar  headspace,  the  indene  partial 
pressure  is  therefore  approximately  10  ppmv  (ca.  0.008  torr),  corresponding  to  an  indene 
mole  fraction  in  the  liquid  of  0.004  according  to  Henry’s  Law.  If  the  effective  molecular 
weight  of  coal  tar  is  comparable  to  the  molecular  weight  of  indene,  a  composition  of  0.4% 
by  mass  indene  in  coal  tar  would  be  predicted.  An  improved  estimate  would  require  more 
information  about  the  molecular  weight  distribution  of  the  major  components  in  coal  tar. 
The  amount  of  indene  in  the  creosote  sample  is  much  less  than  in  the  coal  tar.  Indene 
could  not  be  seen  in  the  headspace  over  diesel  fuel.  However,  most  "heavier"  fuels  contain 
relatively  small  proportions  of  unsubstituted  aromatic  hydrocarbons.  Most  of  the  fuel  mass 
is  associated  with  alkylated  hydrocarbons.  The  alkylated  indenes  could  account  for  the 
small  baseline  observed  in  Figure  16. 

F.  The  2+2  REMPI  Spectra  of  Indene  in  Ambient  Air 

In  addition  to  1+1  REMPI  experiments,  2+2  REMPI  spectra  of  indene  in  ambient 
air  have  been  measured.  In  these  experiments,  the  indene  concentration  was  increased  to 
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Figure  16.  Detection  of  indene  in  chemical  mixtures  via  1+1  REMPI.  Key: 
a  =  coal  tar  (50  p,L  headspace);  b  =  creosote  (100  pL  headspace)  and 
c  =  indene  vapor  (1(X)  ppbv). 
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30  ppmv,  the  KDP  doubling  crystal  was  removed,  and  the  visible  light  was  focused  into  the 
center  of  the  REMPI  cell  with  a  10  cm  lens.  The  corrected  2+2  REMPI  spectra  of  indene 
in  ambient  air  for  0,10  nm  and  0.01  nm  step  size  are  shown  in  Figures  17  and  18, 
respectively. 

In  order  to  determine  the  i-photon  nature  of  the  2+2  REMPI  process,  the  power- 
dependence  of  the  integrated  REMPI  signal  was  measured.  The  fit  of  the  integrated 
REMPI  signal  versus  laser  pulse  energy  is  shown  in  bi-logarithmic  form  in  Figure  19. 
Three  averaged,  waveform  acquisitions  were  taken  for  each  pulse  energy  setting  and  are 
plotted  to  indicate  the  signal-to-noise  characteristics.  Although  different  from  the  expected 
value  of  4,  the  experimental  slope  of  2.6  is  reasonable  since  2+2  REMPI  processes  usually 
involve  tight-focusing  conditions  that  tend  to  saturate  the  interaction  volume.  Thus,  the 
resultant  order  is  often  skewed. 

The  1+1  and  2+2  REMPI  spectra  of  indene  are  compared  in  Figure  20.  The  1+1 
REMPI  spectram  is  reduced  by  a  factor  of  75  for  display  purposes.  Differences  between 
the  two  spectra  are  clearly  evident.  Qualitatively,  it  appears  that  the  sharp  features  in  the 
1+1  REMPI  spectrum  have  a  corresponding,  but  much  broader,  feature  in  the  2+2  REMPI 
spectrum.  Also,  a  few  additional  bands  not  seen  in  the  1+1  REMPI  spectrum  are  observed 
in  the  2+2  REMPI  spectrum.  It  would  be  interesting  to  record  the  two-photon  resonant 
spectra  in  circularly  polarized  light,  as  it  is  known  that  polarization  can  have  a  large  effect 
on  rotational  contours  in  two-photon  spectra. 
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Figure  17.  Corrected  2+2  REMPI  spectrum  of  30  ppmv  indene  in  ambient  air. 
Step  size  =  0. 10  nm. 
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Figure  18.  Corrected  2+2  REMPI  spectrum  of  30  ppmv  indene  in  ambient  air. 
Step  size  =  0.01  nm. 
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Figure  19.  The  2+2  REMPI  signal  amplitude  as  a  function  of  laser  pulse  energy. 
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Figiire  20.  The  1+1  and  2+2  REMPI  spectra  of  indene  in  atmospheric  pressure  air. 
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IV.  CONCLUSIONS 


This  work  is  part  of  a  larger  project  to  examine  the  suitability  of  REMPI  for  real¬ 
time  chemical  analysis  of  organic  species  in  ambient  air.  We  have  successfully 
demonstrated  that  very  narrow  features  can  be  seen  for  indene,  a  polycyclic  aromatic 
hydrocarbon,  at  ambient  pressure  and  room  temperature.  The  ambient  pressure  1+1 
REMPI  spectrum  of  indene  qualitatively  agrees  with  the  molecule’s  conventional  one- 
photon  absorbance  spectrum;  however,  the  REMPI  spectrum  is  better  resolved  and 
significantly  more  sensitive  when  compared  to  the  conventional  absorbance  spectrum. 

One  discrepancy  we  noted  is  that  the  rotational  contour  of  the  indene  origin  band  in 
the  high-resolution  1+1  REMPI  spectrum  is  broader  than  in  the  Lombardi  high-resolution 
vapor  absorption  spectrum.  This  breadth  in  the  REMPI  transition  linewidth  cannot  be  fully 
explained  by  power  (intensity)  saturation  effects,  pressure  broadening,  or  laser  bandwidth. 
Another  contributing  factor  may  deal  with  the  wavelength  dependence  of  indene’s 
photoionization  cross-section,  which  is  associated  with  the  photon  transition  from  the 
resonant  state  to  the  ionization  continuum.  A  two-color  1+1  REMPI  experiment  would  be 
needed  to  study  this  potential  factor,  but  this  experiment  is  not  feasible  from  a  real-time, 
field-measurement  perspective. 

Regardless  of  the  breadth  in  the  REMPI  transition  linewidth,  the  rovibronic 
structure  for  indene  at  ambient  conditions  is  sharp  enough  to  make  the  molecule  an 
excellent  candidate  for  on-  and  off-resonance  measurements  to  discriminate  against  other 
REMPI  background  signals.  Consequently,  ambient  pressure  1+1  REMPI  was 
demonstrated  as  a  viable  technique  for  the  detection  of  indene  in  the  headspace  over  the 
multicomponent  mixtures  of  coal  tar  and  creosote.  In  addition,  the  great  sensitivity  of 
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REMPI  allowed  for  the  measurement  of  the  2+2  spectrum  of  indene  in  ambient  air.  Future 
work  will  focus  on  expanding  the  spectral  database  of  molecules  that  can  be  characterized 
via  ambient-pressure  REMPI. 
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CHAPTER  1 


INTRODUCTION 

Chlorinated  aliphatic  compounds  are  ubiquitous  pollutant  threats  to  air  and  water. 
The  Environmental  Protection  Agency  has  released  a  final  Integrated  Urban  Air  Toxics 
Strategy^  that  intends  to  assess  and  control  emissions  of  33  Hazardous  Air  Pollutants 
(HAPs)  thought  to  pose  the  greatest  public  health  risks  in  urban  areas.  Among  13 
halogenated  species  on  the  list  are  9  chlorinated  aliphatic  compounds  including 
tetrachloroethylene  (or  perchloroethylene,  PCE),  trichloroethylene  (TCE),  carbon 
tetrachloride,  and  chloroform.  Chlorinated  aliphatic  compounds  also  constitute  pervasive 
and  persistent  threat  to  groundwater  resources  in  the  form  of  Dense  Non-Aqueous  Phase 
Liquids  (DNAPLs)^,  fluids  that  are  poorly  miscible  with,  and  denser  than,  water.  Principal 
DNAPL-forming  substances  are  the  cleaners  and  degreasers  PCE,  TCE,  and  1,1,1- 
trichloroethane  (TCA). 

The  physical  nature  and  transport  mechanisms  of  DNAPLs  in  the  subsurface  are  not 
completely  understood  due  to  the  lack  of  a  real-time,  high  spatial  resolution  sensor  for 
downhole  applications.  The  demanding  nature  of  subsurface  monitoring  constrains  both 
sensor  size  and  complexity.  Clearly,  the  diameter  of  the  sensor  packaging  must  be  small  so 
that  the  sensor  can  be  placed  within  a  direct  push  probe.  Also,  because  ruggedness  and 
reliability  are  often  more  important  than  sensitivity  in  subsurface  monitoring,  rudimentary 
instrumentation  is  advantageous.  As  is  true  for  subsurface  monitoring  technology,  a 
satisfactory  real-time  sensor  for  chlorinated  aliphatics  in  the  atmosphere  is  not  available. 
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Although  demands  on  air  quality  sensor  design  are  not  as  stringent  as  demands  on 
subsurface  monitoring  equipment,  durable,  uncomplicated  sensors  would  be  beneficial. 

Because  the  vapors  of  nearly  all  chlorinated  aliphatic  compounds  readily  capture 
free  electrons  to  form  stable  anion  products,  ionization  detectors  equipped  with  low-energy 
electron  sources  are  suitable  candidate  technologies  for  sensing  applications  in  both 
environments.  The  electron  capture  detector  (BCD),  which  measxires  the  loss  of  thermal- 
energy  electrons  to  vapor  samples,  responds  strongly  to  most  chlorinated  vapors.  Though 
many  chlorinated  species  capture  thermal-energy  electrons  most  efficiently,  ionization 
detectors  that  expose  vapors  to  more  energetic  electrons  also  respond  strongly  to 
chlorinateds.  The  ion  mobility  spectrometer  (IMS)  capably  measures  ions  resulting  from 
electron  capture  in  weak  electric  fields  where  mean  electron  energies  are  greater  than 
thermal. 

Measuring  the  anions  formed  by  low-energy  electron  attachment  provides  a  means 
to  identify  individual  species  attaching  low-energy  electrons  in  a  vapor  sample.  In  weak 
homogeneous  electric  fields  at  ambient  pressure,  ions  attain  stable,  characteristic  drift 
velocities  that  represent  equilibria  between  energy  acquired  from  the  electric  field  and 
energy  lost  to  collisions  with  gas  molecules.  The  gas  occupying  the  drift  tube  of  the  IMS 
therefore  acts  as  a  crude  chromatographic  medium  to  sort  mixtures  of  ions  into  packets 
based,  among  other  factors,  on  size  and  shape.  If  resolution  is  sufficient,  the  packets 
containing  single  ion  species  arrive  separately  for  detection  at  a  collector  electrode.  The 
BCD  offers  no  equivalent  means  to  speciate  sample  vapors. 

Photoemissive  sources  are  attractive  when  only  low-energy  electron  attachment  is 
required  to  ionize  analyte  vapor  and  have  appeared  frequently  throughout  the  past  century 
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in  experimentation  requiring  low-energy  electrons.  Photoemissive  sources  generate  low- 
energy  electrons  directly  via  the  photoelectric  effect.  In  contrast  to  radioactive  sources 
frequently  used  with  the  IMS  that  produce  ions  of  both  polarities,  photoemission  produces 
no  positive  ions,  so  no  electrons  or  anions  produced  by  electron  capture  are  lost  to 
recombination.  In  addition,  the  number  of  electrons  produced  is  readily  adjusted  by 
changing  the  intensity  of  the  light  source.  Because  radioactive  sources  are  continuous, 
constantly  supplying  ionizing  particles  to  the  vapor  sample,  radioactive-source  IMS  units 
require  ion  shutters  situated  within  the  drift  tube  near  the  ionization  source  to  admit  pulses 
of  product  ions  to  the  drift  tube  for  separation.  Ions  are  pushed  toward  the  shutter  in  its 
closed  state,  then  through  the  shutter  to  the  drift  space  when  the  shutter  is  opened  briefly. 

A  photoemitter  operated  by  a  pulsed  light  source  can  accomplish  this  without  an  ion 
shutter,  which  simplifies  instrumentation. 

Beyond  using  photoemissive  sources  to  eliminate  ion  shutters,  the  goal  of  this  work 
was  to  reduce  ion  mobility  instrumentation  further  and  assess  capabilities  of  the  resulting 
hardware  toward  detection  of  chlorinated  vapors  in  nitrogen,  air,  and  in  nitrogen  in  the 
presence  of  oxygen.  The  simplifications  included  operating  exclusively  at  ambient 
temperature,  not  using  a  counterflowing  or  other  continual  purge  gas,  using  relatively  short 
ion  drift  distances  less  than  4  cm,  in  some  cases  operating  without  a  formal  drift  tube 
between  the  electrodes. 
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CHAPTER! 


REVIEW 


2.1.  Ion  Mobility  Spectrometry 

2.1.1.  Gas  phase  ion  mobility 

At  number  densities  lower  than  about  10^  ions  cm'^,  Coulombic  repulsion  is 
considered  insignificant  and  in  the  absence  of  external  electric  and  magnetic  fields,  a 
collection  of  ions  disperses  in  a  gas  by  diffusion.  Fast,  random  motion  of  gas  molecules 
and  ions  carries  ions  toward  decreasing  concentration  at  a  rate  proportional  to  the 
magnitude  of  the  concentration  gradient.  Diffusion  proceeds  until  the  ions  become 
uniformly  distributed  throughout  the  gas. 

Placing  a  similar  swarm  of  ions  in  an  electric  field  causes  drift  to  superimpose  on 
diffusion.  While  pushed  through  the  gas,  ions  continuously  acquire  kinetic  energy  from  the 
field  and  repeatedly  lose  much  or  all  of  it  to  collisions  with  neutral  gas  molecules.  As  the 
result  of  successive,  directed  accelerations  through  free  paths  between  molecules  and 
frequent,  randomizing  collisions  with  the  molecules,  ions  drifting  through  a  gas  achieve  a 
mean  velocity  along  the  field  lines  or  perpendicular  to  equipotential  surfaces  within  the 
electric  field.  Generally,  mean  velocity  depends  upon  the  ratio,  E/N,  of  the  electric  field 
magnitude,  E,  to  the  number  density  of  the  gas,  N.  However,  when  E/N  is  less  than  about 
2x10'*^  V-cm^  (or  2  Townsend,  Td),  the  field  is  considered  weak**  and  the  energy  acquired 
by  ions  from  the  field  is  negligible  compared  to  thermal  energy.  In  this  situation,  the  mean 
velocity  of  the  ion  swarm  is  directly  proportional  to  electric  field  magnitude  as 
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(2.1) 


^-^  =  v,=KE 
ta 

where  K  is  ion  mobility  in  cm^•V'*•s‘^  Id  is  drift  length  in  cm,  td  is  drift  time  in  seconds,  Vd 
is  ion  drift  velocity  in  cm  s'S  and  E  is  electric  field  magnitude  in  V-cm"’.  Electric  field 
magnitudes  less  than  500  V-cm  *  satisfy  the  weak-field  condition  in  most  gases  at 
atmospheric  pressure  and  weak-field  mobilities  of  most  ions  fall  between  1  and  3 
cm^-V^-s'*.  Thus  ion  drift  velocities  in  weak,  homogeneous  electric  fields  are  usually  less 
than  1.5  m-s*\  much  slower  than  the  mean  ion  or  molecular  speeds  in  the  gas  that  exceed 
300  ms  ^ 

Ion  mobility  depends  on  the  properties  of  an  ion  and  the  gas  through  which  it  drifts, 
varying  approximately  with  the  inverse  of  the  collision  cross  section,  for  the  ion  with 
a  neutral  molecule  of  the  gas'*.  As  a  result,  a  particular  ion  has  different  mobilities  in 
different  drift  gases  while  different  ions  might  exhibit  different  mobilities  in  the  same  drift 
gas.  The  Mason-Schaump  equation,  an  expression  for  the  mobility  of  ions  drifting  through 
a  gas  in  an  electric  field  derived  from  gas  kinetic  theory,  is 


3e  ^ 

Ik 

l+a 

m ) 

1 

(2.2) 


where  e  is  ion  charge,  N  is  gas  number  density,  p,  is  the  reduced  mass  of  the  ion-neutral 
collision  pair,  and  k  is  Boltzmann's  constant.  The  term  Teff  is  the  effective  temperature  of 
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the  ion,  which  is  approximately  equal  to  the  temperature  of  the  gas  under  weak-field 
conditions,  iloCTeff)  is  the  ion-neutral  collision  cross  section  that  depends  on  effective  ion 
temperature,  and  a  is  a  significant,  but  small  theoretical  correction  factor  that  adjusts  the 
computed  mobility  by  no  more  than  a  few  percent.  Ignoring  a  and  assuming  ions  of  near 
thermal  energies,  the  mobilities  of  different  ions  in  the  same  gas  at  specified  pressure  and 
temperature  vary  as  ^  The  mobilities  of  ions  that  are  much  more  massive  than  the 

drift  gas  neutrals  vary  disproportionately  with  Qd  '  because  the  reduced  mass  of  a  large 
ion-small  neutral  collision  is  approximately  equal  to  the  mass  of  the  neutral. 

To  account  for  pressure  and  temperature  variations  between  measurements  made  in 
a  particular  drift  gas,  ion  mobility  is  customarily  reported  as  standard  or  reduced  ion 
mobility. 


V760A  ^  } 


where  Ko  is  reduced  ion  mobility  in  cm^'V‘^-s‘*,  p  is  gas  pressure  in  torr,  and  T  is  gas 
temperature  in  degrees  Kelvin.  Equation  2.3  normalizes  the  K  to  the  mobility  in  the  gas  at 
standard  temperature  and  pressure. 

2.1.2.  Development  of  the  ion  mobility  spectrometer'* 

The  ion  mobility  spectrometer  appeared  in  the  1960s  not  as  new  or  improved 
technology,  but  as  a  solution  toward  growing  demands  for  simple,  portable  detectors  for 
vapor  sensing  applications.  Measurements  of  ion  mobility,  diffusion,  and  other  ion 
behaviors  in  electric  and  magnetic  fields  had  been  performed  using  similar  instrumentation 
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for  over  65  years  before  the  IMS  was  developed.  Ion  mobilities  had  even  been  used  to 
separate  and  identify  gaseous  ions  well  beforehand.  Broad  knowledge  of  gas  phase  ion 
chemistry  and  physics  applicable  to  ion  mobility  spectrometry  including  ionization 
processes,  electron-molecule  interactions,  and  ion-molecule  reactions  was  available. 

Though  Rutherford  discovered  the  relationship  between  ion  drift  velocity  and 
electric  field  magnitude  in  gases  and  made  the  first  measurements  of  ion  mobility  by  1897, 
the  bulk  of  the  early  investigations  of  ion  mobility  are  ascribed  to  Langevin.  By  1905  he 
had  measured  ion  drift  velocities  and  developed  theories  describing  ion  formation  and  ion 
mobility  in  air  at  ambient  pressme.  Using  a  drift  tube  resembling  in  some  ways  the 
traditional  ion  mobility  spectrometer,  his  measurements  were  able  to  show  that  air  exposed 
to  radioactive  materials  contained  several  ion  species.  Though  rudimentary,  his  theoretical 
approach  was  adequate  to  describe  the  behavior  of  the  small  ions  he  studied. 

Despite  improvements  made  to  instrumentation  during  the  1930s  such  as  ion  gates 
and  shutters  that  enabled  remarkable  separations  of  small  ions,  Langevin’s  work  was  not 
built  upon  until  much  later.  In  the  1960s,  drift  tube/mass  spectrometers  produced  superior 
measurements  of  ion  mobilities  while  confirming  identities  through  mass.  These 
instruments  operated  drift  tubes  at  pressures  at  least  slightly  below  ambient  to  separate  ions 
and  measure  mobilities  prior  to  admission  to  mass  spectrometers  for  identification. 
Although  emphasis  was  to  develop  means  of  accurately  measuring  the  drift  velocities  of 
ions  in  gases,  not  to  create  analytical  sensors,  the  results  refined  ion  mobility  theory  to  its 
modem  form.  Mass  spectrometry  performed  near  the  same  time  also  yielded  descriptions 
of  ion  formation  chemistry  applicable  to  the  IMS.  Chemical  ionization/mass  spectrometry 
(CI/MS)  in  particular  identified  the  types  of  ions  generated  in  air  at  atmospheric  pressure 
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and  established  the  ionization  scheme  known  as  atmospheric  pressure  chemical  ionization 
(APCI).  Interpretation  of  early  results  obtained  with  the  IMS  relied  heavily  upon  APCI 
results  when  no  mass  analysis  of  product  ions  was  performed. 

Though  it  had  little  direct  impact  on  development  of  IMS  instrumentation,  the 
electron  capture  detector  provided  the  realization  that  simple  ionization  detectors 
responded  to  trace  concentrations  of  atmospheric  pollutants.  The  foundation  for  the  ECD 
was  the  vapor  anemometer  developed  by  Lovelock  in  the  1950s  to  monitor  air  currents  in 
medical  settings  for  correlation  with  disease  transmission.  His  instrument  monitored 
positive  ion  current  generated  by  a  radioactive  source  between  parallel  electrodes,  which 
depended  on  the  velocity  of  cross-flowing  air.  Halocarbon  vapors  in  particular  were  foimd 
to  dramatically  alter  the  response  of  the  simple  instrument  and  subsequent  versions 
configured  to  monitor  changes  in  negative  ion  or  electron  current  were  early  electron 
capture  detectors. 

Numerous  efforts  were  undertaken  to  create  sensors  that  added  specificity  to  the 
ECD  while  retaining  its  simplicity.  As  the  ECD  only  observed  the  loss  of  electrons  to 
vapor  samples  and  thereby  offered  no  means  to  identify  electron-attaching  species,  it 
offered  little  as  a  stand-alone  detector.  Many  ionization  detectors  arose  in  the  late  1960s 
and  early  1970s  from  research  and  development  encouraged  largely  by  military  entities  in 
the  United  States  and  Britain  that  desired  reliable,  portable  devices  for  applications 
involving  personnel  activity  and  warfare  chemical  detection.  Among  these  the  IMS  was 
attractive  because  it  was  sensitive  to  warfare  gases  and  explosives  vapors,  offered  tentative 
identification  of  vapors  through  ion  mobilities,  and  could  be  miniaturized  for  field  use. 
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2.1.3.  The  ion  mobility  spectrometer 


Measurements  of  ion  drift  velocities  in  ambient  pressure  gases  are  performed  with 
the  ion  mobility  spectrometer.  Countless  variations  of  the  hardware  have  appeared,  but  all 
designs  consist  of  an  ambient  pressure  ion  drift  tube  terminated  by  an  ion-collecting 
electrode  (Faraday  plate).  A  simplified  example  of  an  ion  mobilility  spectrometer  is  shown 
in  Figure  2.1.  The  drift  tube  is  a  series  of  evenly  spaced  guard  rings  attached  to  a  voltage 
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Figure  2.1.  Schematic  of  an  ion  mobility  spectrometer. 

divider  that  maintains  a  homogeneous  electric  field  through  the  drift  space.  During 
operation,  the  field  pushes  ions  generated  from  a  source  located  before,  at,  or  behind  the 
repeller  through  drift  gas  to  the  collector.  An  aperture  grid,  also  connected  to  the  voltage 
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divider,  shields  the  collector  from  upheld  ions  that  would  otherwise  induce  current  in  the 
plate.  The  components  form  an  airtight  container  or  the  device  is  encased  to  control  gas 
contents.  Most  units  deliver  analyte  to  the  ionization  source  in  a  carrier  gas  and  purge  the 
drift  region  with  a  counterflowing  drift  gas  entering  at  the  collector.  Nearly  all  ion 
mobility  spectrometry  is  performed  at  elevated  temperature.  As  drift  tubes  are  usually  4  to 
10  cm  long,  ion  drift  times  are  on  the  order  of  10'^  s. 

Numerous  ionization  sources  have  been  paired  successfully  with  the  IMS,  but  ion 
mobility  spectrometry  traditionally  and  most  frequently  employs  radioactive  sources  to 
ionize  analyte  vapor.  While  superior  for  reasons  including  high  output  stability, 
mechanical  integrity,  and  noiseless  operation,  these  produce  both  positive  and  negative  ions 
and  are  continuous,  requiring  additional  electronics  in  the  form  of  ion  shutters  when  used  in 
the  IMS.  The  most  common  radioactive  source  is  ^^Ni.  Impacts  of  P-particles  with 
nitrogen  molecules  in  the  carrier  gas  generate  pairs  of  unstable  cations  and  energetic 
secondary  electrons®.  Cations  initiate  a  series  of  fast  ion-molecule  reactions  that  culminate 
in  a  reservoir  of  stable  reactant  cations  dominated  by  hydrated  protons.  Secondary 
electrons  generate  additional  ion  pairs,  but  eventually  thermalize.  In  air,  these  are  captured 
rapidly  to  form  a  reservoir  of  stable  reactant  anions  dominated  by  hydrated  oxygen  anions. 
When  trace  analyte  vapor  exists  in  the  carrier  gas,  ion-molecule  reactions  between  reactant 
ions  and  analyte  neutrals  generate  product  ions. 
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2.2  Photoemission  from  Metals 


Photoemission  from  metals  is  treated  as  a  sequence  of  three  steps,  including  1) 
absorption  of  photons  by  thermal  electrons  in  the  metal,  2)  migration  of  excited  electrons  to 
the  surface  of  the  metal,  and  3)  escape  of  electrons  from  the  metal  surface^.  A  metal  emits 
electrons  only  when  the  energy  of  incident  photons  exceeds  a  surface  barrier  called  the 
work  function  of  the  metal,  or 


Ephoton  ^  tP  (2.4) 

where  Ephoton  is  the  energy  of  the  incident  photon  and  (p  is  the  work  function  of  the  metal. 
Because  work  functions  generally  exceed  3.5  eV,  photoemission  from  most  non-alkaline 
metals  requires  wavelengths  shorter  than  350  nm.  Photon  energy  in  excess  of  the  work 
function  appears  as  kinetic  energy  in  the  emitted  electrons.  The  photoemission  current 
produced  by  illumination  that  satisfies  Equation  2.4  depends  linearly  on  light  intensity. 

The  number  of  electrons  emitted  per  incident  photon,  or  the  quantum  yield  for 
photoemission,  is  less  than  lO"^  for  metallic  photoemitters  due  to  high  reflectivity  in  the 
visible  and  near  ultraviolet  and  large  losses  due  to  scattering  of  excited  electrons  with 
abundant  thermal  electrons  in  metals.  As  a  result,  only  electrons  excited  near  the  surface 
contribute  to  photoemission.  The  escape  depths  for  photoelectrons  from  metals  are  as  thin 
as  several  atomic  layers.  Escape  depth  increases  with  photon  energy  and  for  many  metals 
absorption  increases  with  photon  energy  so  quantum  efficiencies  reach  maxima  at  deep 
ultraviolet  wavelengths. 
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Consideration  of  the  escape  depth  of  photoelectrons  is  necessary  for  proper 
construction  of  thin  metal  film  photoemitters,  which  are  produced  by  sputtering  or 
depositing  evaporated  metal  on  various  substrates  including  metal,  quartz,  or  fused  silica. 
These  may  be  illuminated  from  the  front  side,  or  if  the  substrate  transmits  light,  from  the 
back  side  or  underside  of  the  film.  In  either  case,  the  film  thickness  that  provides  optimal 
quantum  efficiency  is  comparable  to  the  escape  depth  of  photoelectrons,  as  determined  by 
photon  energy  and  the  mean  free  path  for  electron  collisions  in  the  metal.  Optimal 
thicknesses  for  gold  films  for  front  or  back  illumination  are  40-50  A,  or  roughly  the  depth 
of  20  closest-packed  layers  of  gold  atoms.  Losses  due  to  reflectivity  are  larger  for  back 
illumination  than  front  illumination,  but  accounting  for  the  losses,  quantum  efficiencies  are 
comparable.  Films  that  are  thicker  than  optimal  produce  ample  electrons  for  many 
applications,  provided  light  intensity  is  sufficient,  while  ensuring  conductivity  and 
durability.  The  quantum  yield  for  gold-palladium  films  of  thickness  300  A  is  one-third  that 
of  the  optimal  40  A  film. 

Several  factors  alter  photoemission  from  metals  in  gases.  Surface  films  of  adsorbed 
gas  molecules  that  are  continually  present  alter  the  effective  work  functions  of 
photoemitters.  Electronegative  gases  such  as  oxygen  tend  to  increase  work  functions  while 
electropositive  gases  tend  to  produce  the  opposite.  As  a  result,  work  functions  for  metals 
observed  in  gases  can  vary  significantly  from  measurements  performed  in  ultrahigh 
vacuum.  Chemical  changes  on  photoemissive  surfaces  such  as  surface  oxidation  that 
occurs  on  copper  or  aluminum  during  exposure  to  air  also  alter  work  functions,  but  shifts  in 
these  cases  are  due  to  the  photoemissive  properties  of  the  metal  oxides  and  not  the  base 
metal. 
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In  gases,  a  portion  of  the  photoemitted  electrons  is  returned  to  the  cathode  by  back 
diffusion,  which  lowers  the  effective  quantum  yield  significantly  versus  measurements 
performed  in  vacuum.  Losses  are  very  large  at  low  values  of  pressure-reduced  electric 
field  magnitude,  decreasing  as  E/p  increases.  Measurements  performed  in  nitrogen  at 
pressures  as  high  as  90  torr  suggest  losses  at  E/p  =  0.2  V-cm'*-torr'*  in  excess  of  95  %. 
Quantum  yields  were  found  to  vary  in  a  similar  way  with  E/p  in  early  measurements  of 
photoemission  performed  in  atmospheric  pressure  gases  including  air. 

23.  Electron-Molecule  Interactions  and  Anion  Formation 

Due  to  the  electric  field,  the  distribution  of  electron  energies  generated  within  the 
IMS  has  mean  value  greater  than  thermal  energy  (E=3/2kT),  0.04  eV  at  room  temperature. 
The  mean  energy  varies  with  the  pressure-reduced  electric  field  magnitude.  E/p,  where  p  is 
gas  pressure  in  torr.  At  atmospheric  pressure.  E/p  ratios  for  fields  from  150  to  500  V  cm*^ 
typical  of  the  IMS  are  0.20  to  0.66  V-cm‘**torr'*,  which  corresponds  to  mean  electron 
energies  in  nitrogen  firom  0.28  to  0.58  eV  and  in  air  from  0.22  to  0.52  eV. 

Under  ambient  conditions  vapor  molecules  are  predominantly  in  ground  states  and 
attachment  of  low-energy  electrons  can  be  summarized  briefly.  Unstable  molecular  anions 
are  the  initial  result  of  low-energy  electron  attachment^.  Collision  of  a  low-energy  electron 
with  a  ground  state  molecule  may  generate  an  excited  molecular  anion  in  its  ground  or  in 
one  of  its  excited  states 

eXe)  +  AB  ->  AB'*  (2.5) 
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where  e’(e)  represents  an  electron  of  energy  e,  AB  is  a  ground  state  molecule,  and  AB'*  is  a 
temporary  negative  ion  (TNI)  or  negative  ion  resonance  (NIR).  The  electron  attachment 
cross  section,  ao(e),  describes  the  potential  of  molecule  AB  to  attach  electrons  as  a  function 
of  electron  energy.  The  unstable  NIR  can  react  through  one  of  three  channels 


AB'*  AB<*>  +  eXE’) 

(2.6) 

AB-*^A^*)  +  B- 

(2.7) 

AB'*  — >  AB*  +  energy 

(2.8) 

where  an  asterisk  in  parentheses  indicates  a  possible  increase  in  internal  energy,  and  e’(e’) 
is  an  electron  of  energy  e’  less  than  or  equal  to  that  of  the  incident  electron,  e  (Equation 
2.5). 

Equation  2.6  represents  autodetachment  or  resonance  electron  scattering,  which 
may  be  elastic  or  inelastic  as  determined  by  the  energy  of  the  scattered  electron.  The 
autodetachment  lifetime,  Xa.  of  the  NIR  is  the  period  between  attachment  and  loss  of  the 
electron.  Equation  2.7  represents  dissociative  electron  attachment,  which  occurs  only  if  the 
state  in  which  the  NIR  is  created  is  dissociative  and  a  stable  fragment  anion  exists.  The 
dissociative  attachment  lifetime,  Xd,  of  species  AB  is  the  duration  between  electron 
attachment  and  dissociation  of  the  molecule.  The  product  of  the  electron  attachment  cross 
section  by  the  probability  that  its  NIR  will  react  through  Equation  2.7  versus  the  other 
channels  is  the  dissociative  attachment  cross  section,  Oda(e),  of  molecule  AB  as  a  function 
of  electron  energy.  Equation  2.8  represents  associative  electron  attachment,  which  requires 
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a  stable  molecular  anion  and  a  stabilizing  collision  of  the  NIR  with  surrounding  molecules 
within  its  autodetachment  lifetime. 

The  electron  affinity  of  a  molecule,  the  energy  difference  between  a  neutral 
molecule  and  the  molecular  anion  in  ground  electronic,  vibrational,  and  rotational  states, 
helps  to  predict  whether  its  NIR  will  react  through  autodetachment  (Equation  2.6)  or 
associative  electron  attachment  (Equation  2.8).  Positive  electron  affinity  indicates  that  the 
lowest  level  of  the  molecular  anion  ground  state  is  energetically  lower  than  that  of  the 
parent  molecule  and  that  the  ground  state  molecular  anion  is  stable.  Conversely,  the  NIRs 
of  molecules  with  negative  electron  affinity  are  subject  to  autodetachment  as  the  lowest 
level  of  the  molecular  anion  ground  state  lies  energetically  above  that  of  the  parent 
molecule. 

2.3.1  Attachment  of  low-energy  electrons  by  molecular  oxygen 

Low-energy  electron  attachment  by  molecular  oxygen  (O2)  has  been  studied 

o 

extensively.  The  electron  affinity  of  the  molecule  is  0.44  eV  and  the  only  state  of  oxygen 
anion  (02")  that  lies  energetically  below  the  ground  state  of  O2  is  the  O2'  ground  state. 

Thus  attachment  of  low-energy  electrons  by  oxygen  occurs  through  NIRs  in  the  ground 
state  of  oxygen  anion,  resonance  energies  ranging  from  slightly  above  thermal  to  beyond  1 
eV.  The  autodetachment  lifetimes  of  the  resonances  are  on  the  order  of  lO  '^  s,  less  than 
the  10'^°  s  between  collisions  in  gases  under  ambient  conditions.  As  a  result,  electron 
attachment  by  oxygen  can  be  expressed  as 

e'  +  O2  +  M  — >  O2’  +  M  +  energy  (2.9) 
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a  three-body  electron  attachment  mechanism  where  M  is  a  neutral  molecule  of  the 
surrounding  gas.  Oxygen  attaches  the  electron  during  collision  with  the  third  body,  which 
removes  excess  energy  and  fixes  the  electron. 

A  three-body  attachment  rate  coefficient  (Icsm)  applies  to  Equation  2.9  and  is 
strongly  influenced  by  the  identity  of  the  third  body.  Third  bodies  pertinent  to  IMS  are 
molecular  nitrogen  (N2)  and  molecular  oxygen.  Measurements  of  ksM  show  that  oxygen  is 
a  more  efficient  third  body  than  nitrogen.  For  M=02  and  M=N2,  three-body  attachment 
rate  coefficients  are  approximately  2.0x10'^°  cm^s  *  and  0.2x10’^°  cm^s  \  respectively.  The 
utility  of  three-body  attachment  rate  coefficients  is  limited,  as  ksM  applies  to  the  condition 
of  trace  oxygen  in  a  pure  bath  gas  of  the  third  body.  However,  electron  attachment  rate 
coefficients  from  measurements  in  air  are  of  similar  magnitude  to  ksM  measured  with 
M=N2. 


2.3.2  Attachment  of  low-energy  electrons  bv  chlorinated  aliphatic  compounds 

Lx>w-energy  electron  attachment  by  chlorinated  aliphatics  is  also  well  studied.^  As 
a  class,  the  species  capture  electrons  dissociatively  through  NIRs  of  thermal  energy  to 
beyond  1  eV.  The  most  heavily  chlorinated  species  have  electron  affinities  that  are 
comparable  to  oxygen,  0.5  eV  and  0.3  eV  for  PCE  and  TCE,  respectively.  Low-energy 
electron  impact  mass  spectrometry  has  shown  that  low-energy  electron  attachment  by 
chlorinated  aliphatics  leads  to  multiple  fragment  anions,  chloride  ion  (Cl  )  by  far  the  most 
abundant.  Electron  swarm  experiments  have  produced  complementary  results  for  trace 
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chlorinateds  in  atmospheric  pressure  nitrogen.  The  electron  attachment  rate  constant  for 

0  ^1 

TCE  is  approximately  5.5x10'  cm  -s'  for  electron  energies  0.1  to  0.6  eV. 

2.4  Photoemissive  Ion  Mobility  Spectrometry 

Although  photoemissive  sources  have  existed  for  over  a  century  and  have  been  a 
key  component  of  instrumentation  for  the  study  of  gas  phase  electron-molecule 
interactions,  only  one  ion  mobility  spectrometer  using  a  photoemissive  source  has  been 
reported.  Simmonds,  et.  al.,^°  published  the  first  and  only  report  of  ion  mobility 
spectrometers  paired  with  photoemissive  sources.  The  devices  used  1-cm  inner  diameter, 
3.7-cm  or  7.4-cm  long  drift  tubes  and  did  not  use  ion  shutters.  Photoemissive  sources  were 
1  l-nun  diameter  (9-mm  effective  diameter)  gold-coated  fused  silica  discs  driven  by  a 
pulsed  xenon  lamp  operated  at  30  to  50  Hz  depending  on  drift  length.  Counterflowing  air 
or  nitrogen  drift  gas  entered  from  the  collector  and  air  carrier  gas  was  directed  across  the 
surface  of  the  photoemitter.  Both  gases  vented  opposite  the  sample  gas  inlet.  The 
instruments  were  operated  at  ambient  temperature  and  pressure.  Several  relevant 
experimental  results  and  conclusions  were  described. 

2.4.1  Oxygen  content  of  sample  and  drift  eases 

One  experiment  varied  the  oxygen  concentration  in  both  the  sample  and  drift 
streams  in  unison  from  0  to  21%  by  volume  oxygen.  Resolution  measured  as  drift  time 
divided  by  peak  width  at  half  height  was  highest  and  steady  above  oxygen  concentrations 
of  6%  by  volume  but  declined  as  oxygen  level  decreased.  The  resolution  decrease  was 
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accompanied  by  the  growth  of  a  leading  edge  shoulder  on  the  ion  mobility  signatures 
measured  for  oxygen  anions.  The  conclusion  drawn  from  the  observations  was  that 
electrons  were  able  to  travel  longer  distances  before  attachment  in  lower  oxygen 
concentration  and  give  rise  to  oxygen  anions  throughout  the  drift  space  producing  ion 
current  at  all  drift  times.  A  similar  experiment  used  nitrogen  drift  gas  while  varying  the 
oxygen  concentration  of  the  carrier  gas.  In  this  case,  resolution  improved  as  the  oxygen 
content  of  the  carrier  gas  decreased,  which  was  attributed  to  elimination  of  space-charge 
repulsion  by  production  of  fewer  oxygen  anions  from  the  carrier  gas. 

2.4.2.  "Conventional  flow”  versus  "sample  in  drift”  modes 

Experiments  were  performed  with  analyte  embedded  in  air  drift  gas  to  create 
uniform  concentration  between  the  photoemitter  and  collector,  which  was  termed  "sample 
in  drift"  mode.  Sensitivity  enhancements  for  various  species  of  3  to  20  times,  defined  as 
ratios  of  peak  heights,  were  observed  for  "sample  in  drift"  mode  versus  "conventional 
flow"  mode.  However,  the  increased  sensitivities  caused  the  detectors  to  saturate  at  lower 
analyte  concentrations.  The  conclusion  drawn  was  that,  versus  conventional  flow  mode, 
the  length  of  time  for  electron  transfer  from  oxygen  anions  to  the  target  species  was  longer 
in  sample  in  drift  mode.  Product  ion  peaks  were  wider  in  sample  in  drift  mode  than  in 
conventional  flow  mode,  the  peaks  showed  leading  edge  shoulders  at  low  analyte 
concentration,  and  resolution  was  degraded.  These  observations  supported  the  conclusion 
that  reaction  continued  after  the  oxygen  anions  had  drifted  a  significant  distance  down  the 
drift  tube  in  sample  in  drift  mode,  producing  analyte  ions  at  a  range  of  drift  distances  and 
creating  ion  current  over  a  range  of  drift  times. 
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CHAPTERS 


ION  MOBILITY  INSTRUMENTATION 

Three  ion  mobility  cells  were  assembled  to  utilize  three  low-energy  electron 
production  schemes  aimed  at  detection  of  chlorinated  vapors.  Each  design  was  based  on 
parallel  electrode  geometry  and  included  an  aperture  grid  before  the  anode,  but  details  of 
electrode  design,  drift  region  construction,  and  cell  housing  varied.  The  first  and  second 
designs  {Cell  A  and  Cell  B)  did  not  include  guard  rings  between  the  cathode  and  aperture 
grid  and  employed  resonance-enhanced  multiphoton  ionization  of  aniline  vapor  and 
photoemission  from  laser  illumination  of  copper  cathodes  as  electron  sources.  Cell  A 
featured  movable  electrodes  such  that  the  drift  distance  was  adjustable.  The  third  design 
{Cell  C)  included  guard  rings  between  the  cathode  and  aperture  grid  and  used 
photoemission  from  backside  laser  illumination  of  thin  gold  films  as  electron  sources. 
Block  diagrams  of  Cells  A  and  B,  which  were  electronically  equivalent,  and  Cell  C  appear 
in  Figures  1  and  2. 

3.1.  Cell  Using  REMPI  of  Aniline  Vapor  as  an  Electron  Source 

Cell  A  was  constructed  within  a  cylindrical,  stainless  steel  4-way  chamber,  2.75- 
inch  nominal  flange  size,  with  removable  lid  and  an  internal  volume  of  approximately  900 
mL. 
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Figure  3.1.  Block  diagram  of  ion  mobility  cells  using  no  guard  rings  (Cells  A  and  B). 


Figure  3.2.  Block  diagram  of  drift  tube  ion  mobility  spectrometer  (Cell  C). 
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The  electrodes  were  mounted  on  lengths  of  thick-walled  0.375-inch  glass  tubing.  The  glass 
tubes  were  passed  through  Cajon  o-ring  feedthroughs  mounted  on  opposite  sides  of  the 
chamber  so  that  the  electrodes  were  easily  moved  through  about  3.5  cm  between  the  edge 
and  center  of  the  cell.  Brewster  windows  were  mounted  on  the  perpendicular  axis  of  the 
chamber  and  the  repeller  was  positioned  near  the  beam  path.  A  1.7-mm  thick  Teflon 
washer,  a  2.1 -mm  thick  metal  ring,  and  an  aperture  grid  cut  from  60-mesh  stainless  steel 
screen  were  held  against  the  collector  by  a  tight-fitting  PVC  cap  that  reduced  the  exposed 
diameter  of  aperture  grid  and  collector  electrode  to  4  cm.  Tapped  holes  to  either  side  of  the 
anode  feedthrough  were  used  as  ports  for  venting  and  sample  introduction.  Wiring  was 
directed  through  the  glass  tubing  to  the  electrodes  and  aperture  grid  with  bias  voltages  to 
the  repeller  and  aperture  grid  supplied  by  two  300  V  batteries  in  series,  as  represented  by 
Figure  3.1.  Simply  reversing  the  batteries  changed  the  polarity  of  the  voltage  drop  across 
the  drift  length. 

3.2.  Cell  Using  Front-Side  Cathode  Illumination 

Cell  B  was  constructed  within  a  nominal  2.75-inch  stainless  steel  four-way  cross  of 
internal  volume  200  mL.  Electrodes  consisting  of  3-cm  diameter  copper  blanks  soldered  to 
copper  rods  were  mounted  on  BNC  feedthrough  flanges  on  opposing  arms  of  the  cross;  the 
feedthrough  on  the  anode  arm  was  dual  BNC.  Electrodes  were  separated  2  cm  and 
positioned  such  that  laser  pulses  passed  cleanly  through  flat  fused  silica  windows 
terminating  the  perpendicular  arms  of  the  cross  while  striking  the  photocathode  at  a  large 
incident  angle.  A  1.7-mm  thick  Teflon  washer  and  an  aperture  grid  cut  from  60-mesh 
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stainless  steel  screen  were  pressed  to  the  anode  by  a  tight-fitting  Nylotron  cap  that 
constricted  the  exposed  diameter  of  the  aperture  grid  and  anode  to  2  cm.  Tapped  holes  in 
bored,  double-sided  flanges  mounted  between  the  cross  and  the  BNC  feedthroughs  served 
as  ports  for  venting  and  sample  introduction.  Bias  voltages  were  supplied  by  two  300  V 
batteries  connected  in  series  as  shown  in  Figure  3.1. 

3.4.  Drift  Tube  Ion  Mobility  Spectrometer  Using  Thin  Film  Photoemission 

Cell  C  was  a  drift  tube  ion  mobility  spectrometer  constructed  within  a  2.75-inch 
nominal  stainless  steel  nipple  fitted  at  each  end  with  bored,  double-sided  flanges.  Two  thin 
gold  film  photocathodes  were  used  with  the  device.  Both  were  6.35-mm  diameter  fused 
silica  windows  sputter  coated  on  one  side,  one  with  approximately  300  A  gold  and  the 
other  with  10  A  chromium  to  improve  adhesion  then  with  150  A  gold.  These  were 
supported  within  a  4.8-cm  outer  diameter,  6.35-mm  inner  diameter  washer  machined  from 
a  copper  blank.  Adhesion  and  electrical  contact  between  the  photoemitter  and  washer  were 
made  with  silver  epoxy.  The  photocathode  was  held  to  a  double-sided  flange  at  one  end  of 
the  nipple  within  a  flange  machined  from  Corian.  The  drift  tube  consisted  of  a  stack  of  0.3- 
mm  thick  brass  guard  rings  of  1.16-cm  inner  diameter  obtained  from  a  commercial  source 
(Environmental  Technologies  Group,  Inc.,  Edgewood,  MD).  Three  holes  distributed 
equatorially  about  the  axial  aperture  were  used  to  mount  the  guard  rings,  separated  by  0.75- 
inch  glass  sleeves,  on  3/16-inch  glass  rods.  A  0.75-inch  thick  washer  machined  from 
Plexiglas,  Corian,  or  machineable  ceramic  supported  the  ends  of  the  glass  rods  at  the 
entrance  and  exit  of  the  drift  tube.  The  terminal  washer  was  affixed  to  a  cap  that  held  a  50- 
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mesh  screen  or  a  commercial  aperture  grid  (Graseby  Dynamics,  Ltd.,  Watford,  Herts,  UK), 
a  0.82-mm  thick  insulating  ring,  and  a  2-cm  copper  anode.  The  forward  and  rear  washers 
maintained  alignment  of  the  drift  axis  with  the  center  of  the  photoemissive  surface. 

The  elements  of  the  mobility  spectrometer  were  connected  through  0.5-W,  300  kH 
resistors.  Bias  voltage  was  applied  directly  to  the  back  side  of  the  photocathode  and 
conducted  to  the  first  resistor  inside  the  device  through  a  small,  circular  piece  of  indium 
foil  on  a  spring  supported  near  the  edge  of  the  forward  support  washer.  Contact  with  the 
aperture  grid  was  made  through  a  light  wire  loop  fed  through  the  side  of  the  anode  cap. 
Beyond  this  and  a  final  resistor,  the  voltage  divider  terminated  at  one  pin  of  a  dual  BNC 
feedthrough  at  the  end  of  the  nipple  that  was  connected  to  high  voltage  supply  ground.  The 
anode  was  connected  to  the  other.  The  total  drift  distance  with  four  guard  rings  was  3.75 
cm.  When  -2000  V  bias  was  applied  to  the  photocathode,  the  drift  electric  field  magnitude 
was  444.4  V-cm'^  and  the  aperture  to  collector  field  magnitude  was  4065  V-cm‘^ 

Each  of  the  double-sided  flanges  contained  two  1/8-27  NPT  tapped  radial  holes. 
During  operation,  one  hole  on  each  flange  was  capped.  These  were  used  between 
experiments  to  flush  the  cell.  The  other  hole  in  the  front  flange  was  fitted  with  a  Swagelok 
adapter  and  a  short  piece  of  Teflon  tubing  capped  with  a  5-mm  NMR  septum  to  serve  as  an 
injection  port.  The  other  hole  in  the  rear  flange  fitted  with  valve  served  as  cylinder  gas 
inlet.  The  internal  volume  of  the  cell  was  155  mL  when  completely  assembled. 
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3.5.  Laser  Sources  and  Experimental  Methods 


The  laser  configuration  implemented  for  electron  production  from  aniline  vapor  by 
REMPI  was  a  dye  laser  oscillator  using  a  Bethune  prism  dye  cell  pumped  by  the  second 
harmonic  of  a  10  Hz  Quanta  Ray  DCR-1 1  Nd:YAG  laser.  Rhodamine  590  dye  in  methanol 
was  selected  to  provide  output  between  574  and  588  nm.  The  dye  laser  output  beam  was 
directed  to  a  KDP  frequency-doubling  crystal  mounted  on  a  manual  rotation  stage.  The 
energy  of  the  frequency-doubled  output  at  294.05  nm  was  about  500  pJ  per  pulse. 

Wavelengths  shorter  than  the  fourth  harmonic  of  Nd:YAG  (266  nm)  were  necessary 
to  produce  photoemission  from  copper  and  gold  photocathodes.  Shorter  wavelengths  were 
produced  by  Raman  shifting  the  fourth  harmonic  of  the  10  Hz  Quanta  Ray  DCR-1 1 
Nd:YAG  laser  in  100  psi  hydrogen.  Both  the  first  (ASl)  and  second  (AS2)  anti-Stokes 
lines  at  239.53  nm  and  217.85  nm,  respectively,  were  used  for  photocathode  illumination  at 
pulse  energies  generally  less  than  30  pJ  and  usually  around  10  pJ.  ASl  provided  ample 
photoelectron  production  from  copper  photocathodes  while  AS2  was  used  with  gold  thin 
films. 

Analytes  were  delivered  in  a  cyclohexane  solution.  Cyclohexane  was  found  to  not 
significantly  alter  photoemission,  total  ion  charge  collected,  or  waveform  shapes  produced 
in  the  mobility  cells.  Rarely  analyte  was  delivered  as  headspace  drawn  over  solutions  of 
analyte  with  cyclohexane  prepared  following  Raoult’s  Law,  despite  the  likelihood  that  the 
species  were  not  similar  enough  for  this  approach  to  be  justified.  All  analyte  samples  were 
injected  by  microliter  syringe  and  several  minutes  were  allowed  for  evaporation  and 
mixing  of  the  sample  in  the  cell.  For  experiments  performed  at  relatively  low  oxygen 
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concentration,  oxygen  was  introduced  by  injection  of  laboratory  air  using  a  5  mL  syringe 
assuming  21%  by  volume  oxygen.  All  injections  were  performed  through  the  sample  inlet 
septum;  large  injections  of  air  were  performed  with  the  gas  outlet  port  loosely  capped  to 
prevent  overpressure. 

Measurements  in  nitrogen  drift  gas  used  5.0  grade  nitrogen,  specified  to  contain  less 
than  2  ppm  water  vapor  and  less  than  1  ppm  oxygen.  Prior  to  introduction  of  sample  vapor 
to  nitrogen,  the  mobility  cells  were  flushed  with  slowly  flowing  nitrogen  beyond  the 
disappearance  of  any  slow  ion  current.  Most  measurements  that  used  air  as  the  drift  gas 
were  performed  in  laboratory  air.  Breathing  grade  compressed  air  was  used  for 
measurements  of  water  vapor  clustering  with  oxygen  anions. 

In  all  configurations,  collector  current  caused  by  ions  entering  the  volume  between 
the  aperture  grid  and  striking  the  collector  was  amplified  10®  V  A  *  by  a  fast  pre-amplifier 
and  passed  to  a  Tektronix  2440  or  TDS  series  digital  storage  oscilloscope.  An  attached  PC 
controlled  waveform  acquisition  and  downloading.  Laser  pulse  energy  measurements 
using  various  pyroelectric  detectors  were  performed  during  many  experiments,  but 
extraction  of  accurate  peak-to-peak  voltages  from  pyroelectric  waveforms  was  in  most 
cases  hampered  by  significant  noise  relative  to  the  small  waveform  amplitudes. 
Normalizations  for  laser  energy  assuming  linear  photoemission  with  laser  pulse  energy 
were  rarely  found  to  improve  data  quality. 

To  overcome  large  electrical  noise  and  large  fluctuations  in  laser  output,  32  to  256 
laser  shots  were  averaged  for  each  acquisition.  In  some  cases  averages  of  replicate 
waveforms  were  taken.  Ion  mobility  spectra  are  presented  as  ion  current  versus  drift  time 
in  milliseconds.  Ion  current  was  calculated  from  voltage  waveforms  downloaded  from  the 
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oscilloscope  by  taking  into  account  the  10*  V-A'^  pre-amplification.  Integrals  of  ion 
current  were  taken  in  some  cases  to  determine  the  charge  collected.  This  was  performed  by 
summing  the  discrete  current  values  under  the  portion  of  the  ion  mobility  spectrum  that 
was  of  interest  then  multiplying  by  the  duration  of  the  portion  of  the  waveform 

Q  =  At'{Ei(t)}  (3.1) 

where  Q  is  total  charge  in  Coulombs,  At  is  the  time  window  of  the  integration,  and  2i(t)  is 
the  sum  of  the  current  at  all  times  t  between  the  start  and  end  of  the  time  window. 
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CHAPTER  4 


RESULTS  &  DISCUSSION 

4.1.  Ion  Mobility  Measurements  Using  REMPI  of  Aniline  Vapor  as  Electron  Source 

Due  to  its  relatively  low  vapor  pressure  and  tendency  to  persist  in  ionization 
detectors  at  room  temperature,  aniline  provides  a  convenient  and  reasonably  stable  source 
of  free  electrons.  Multiphoton  ionization  of  aniline  vapor  generates  populations  of  aniline 
cations  and  free  electrons  that  separate  in  the  electric  field  between  the  repeller  and 
aperture  grid  in  Cell  A  as  the  ions  drift  toward  electrodes  of  opposite  polarity.  Oxygen 
molecules  quickly  scavenge  the  free  electrons  and  the  oxygen  anions  created  are 
susceptible  to  clustering  with  water  vapor,  carbon  dioxide,  and  other  neutrals  found  in 
laboratory  air. 

Figure  4.1  includes  positive  ion  mobility  spectra  of  approximately  500  parts-per- 
billion  by  volume  (ppbv)  aniline  vapor  in  air  measured  on  an  ultraviolet  absorption 
resonance  of  aniline  at  294.05  nm  and  off  the  resonance  at  slightly  longer  wavelength. 

The  electrical  configuration  of  the  cell  (Figure  3.1)  allows  the  pre-amplifier  to  register 
current  due  to  ions  approaching  and  striking  the  repeller  in  addition  to  those  reaching  the 
collector.  In  Figure  4.1,  cations  reaching  the  collector  produce  the  slow  signature  in  each 
spectrum  while  oxygen  anions  migrating  toward  and  striking  the  repeller  cause  the  sharp, 
fast  signature  and  tail.  The  amplitude  of  the  on-resonance  spectrum  is  approximately  20 
times  that  of  the  off-resonance  spectrum,  confirming  ionization  of  aniline  vapor  at  294.05 
nm. 
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Figure  4.1.  Positive  ion  mobility  spectra  produced  by  REMPI  of  approximately  500  ppbv 
aniline  in  air  on-resonance  at  294.05  nm  (upper  spectrum)  and  off-resonance  at  wavelength 
longer  than  294.05  nm  (lower  spectrum).  The  spectra  are  64-acquisition  averages. 

The  on-resonance  spectrum  may  be  broadened  or  otherwise  distorted  by  ion 
repulsion  due  to  high  ion  densities  produced  in  the  laser  path  during  measurement. 

Integrals  of  the  slow  peaks  in  the  on-  and  off-resonance  spectra  are  2.4x10'*^  C  and 
LlxlO'^**  C,  respectively,  indicating  that  the  collected  signatures  represent  about  1.5x10^ 
and  6.9x10"^  cations.  Assuming  that  the  aperture  grid  eliminates  80%  of  the  ions  passing 
through  it,  as  discussed  later  (Section  4.2),  the  estimate  of  the  number  of  aniline  cations 
created  for  the  on-resonance  spectrum  is  7.5x10®.  Assuming  a  beam  diameter  of  4  mm  and 
an  effective  beam  length  of  4  cm  (the  diameter  of  exposed  aperture  grid  and  collector),  the 
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ionization  volume  is  0.5  cm^.  Thus  the  number  density  of  aniline  cations  in  the  beam  path 
during  the  ionization  pulse  is  approximately  1.5x10^  cm‘^,  which  may  produce  space- 
charge  repulsion.  The  integrals  of  the  prompt  signatures  in  Figure  4.1,  which  are  too  fast 
for  the  detection  electronics  to  be  represented  accurately,  are  1.8x10'*^  C  for  the  on- 
resonance  spectrum  and  8.8x10**^  C  for  the  off-resonance  spectrum.  Both  values  are 
approximately  20%  lower  than  the  areas  of  the  corresponding  aniline  cation  signatures. 


Figure  4.2.  Positive  ion  mobility  spectra  produced  by  REMPI  of  approximately  500  ppbv 
aniline  in  air  at  plate  separations  increasing  from  approximately  1.0  cm,  a,  to  1.8  cm,/. 
The  spectra  are  64-acquisition  averages  measured  at  laser  wavelength  294.05  nm. 
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Changing  the  position  of  the  collector  electrode  at  constant  bias  voltage  changes  the 
drift  time  and  amplitude  of  the  aniline  cation  signature,  as  demonstrated  in  Figure  4.2, 
Moving  the  collector  in  Cell  A  simultaneously  changes  drift  length  and  electric  field 
magnitude.  Because  ion  drift  times  are  proportional  to  the  square  of  drift  distance 
(Equation  2.1),  the  drift  time  of  aniline  cations  more  than  triples  as  the  plate  separation  is 
increased  from  around  1.0  to  1.8  cm. 

The  cation  signature  is  tallest  and  narrowest  at  the  shortest  electrode  separation, 
shrinking  and  broadening  due  to  diftiision  as  the  collector  retreats.  At  shorter  separations 
the  cation  signature  is  clearly  superimposed  on  the  tail  of  the  anion  signature,  which  alters 
the  shape  of  the  cation  peak.  Subtracting  the  anion  components  yields  a  consistent  cation 
peak  shape  for  all  drift  lengths,  as  shown  in  Figure  4.3,  where  the  anion  tails  have  been 
subtracted  crudely  from  the  spectra  shown  in  Figure  4.2  by  linearizing  baselines  about  the 
cation  peaks. 

The  difference  between  the  drift  times  of  aniline  cations  and  oxygen  anions  formed 
by  attachment  of  the  liberated  electrons  is  shown  in  Figure  4.3,  which  compares  positive 
and  negative  ion  mobility  spectra  of  aniline  in  air  at  plate  separation  2  cm  and  laser 
wavelength  291.2  nm.  The  drift  times,  taken  as  positions  of  maximum  ion  current  of  the 
slow  signatures,  are  3.38  ms  and  3.86  ms  for  oxygen  anions  and  aniline  cations, 
respectively.  The  order  of  drift  times  agrees  with  published  values  of  the  mobilities  of  the 
ions.  Flushkig  briefly  with  nitrogen  removes  all  slow  signal  components  from  the  negative 
ion  mobility  spectrum,  but  significant  aniline  remains  as  a  continuing  source  of  free 
electrons.  In  negative  ion  mode,  electrons  cross  the  drift  distance  rapidly  and  produce 
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Figure  4.3.  Negative  ion  mobility  spectram,  a,  and  positive  ion  mobility  spectrum,  b,  of 
aniline  vapor  at  laser  wavelength  291.2  nm. 

a  prompt,  large  signature  as  shown  in  Figure  4.4  for  laser  wavelength  287.0  nm  and  plate 
separation  2  cm.  Ringing  in  the  circuit  follows  the  large  free  electron  pulse.  The 
amplitude  of  the  free  electron  signature  decreases  and  the  slow  signature  reappears  when  an 
electron-attaching  species  such  as  oxygen  or  TCE  is  reintroduced. 
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Figure  4.4.  Negative  ion  mobility  spectram  of  nitrogen. 

Figure  4.5  demonstrates  detection  of  TCE  at  concentrations  between  1  and  15  parts- 
per-million  by  volume  (ppmv)  in  nitrogen  using  REMPI  of  aniline  as  a  source  of  free 
electrons.  Because  electrons  may  be  captured  by  TCE  anywhere  between  the  laser  path 
and  the  collector,  chloride  ions  arise  and  initiate  drift  throughout  the  drift  space  and  arrive 
at  the  collector  at  all  drift  times.  As  attacher  concentration  increases,  a  prominent  peak 
builds  between  2.5  and  3.0  ms  drift  time.  The  peak  shifts  to  longer  drift  times  with 
increasing  TCE  concentration,  which  may  be  interpreted  as  shortening  of  the  mean  distance 
that  the  electrons  travel  before  attachment  but  could  also  suggest  cluster  formation  of 
chloride  ions  with  TCE  neutrals.  Ion  current  prior  to  about  2.3  ms  falls  with  increasing 
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TCE  concentration,  which  is  a  hallmark  of  detector  saturation.  Saturation  of  the  detector  is 
supported  by  comparing  the  amplitudes  of  the  free  electron  peaks  not  shown  in  Figure  4.5 
which  were  0.44, 0.16, 0.10,  and  0.09  nA  for  TCE  concentrations  1, 5, 10,  and  15  ppmv 
(Figure  4.5,  spectra  a-d),  respectively.  The  last  two  free  electron  amplitudes  listed  above 
are  approximately  equal  to  the  amplitude  of  a  noise  spike  that  underlies  the  free  electron 
signature.  The  initial  free  electron  amplitude  was  0.74  nA. 
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Figure  4.5.  Ion  mobility  spectra  in  nitrogen  of  1  ppmv  TCE,  a,  5  ppmv  TCE,  b,  10  ppmv 
TCE,  c,  and  15  ppmv  TCE,  d. 
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4.2.  Ion  Mobility  Measurements  Using  Copper  Photoemission  as  Electron  Source 


Photoemission  from  the  copper  photocathode  of  Cell  B  produces  large  numbers  of 
free  electrons  from  relatively  weak  laser  pulses.  For  10  pJ  pulses  of  239.53  nm  hydrogen 
ASl,  the  amplitude  of  the  fast  free  electron  signature  in  nitrogen  was  typically  30  nA.  The 
higher  electron  production  improves  TCE  detection  limits  in  nitrogen  by  at  least  an  order  of 
magnitude  as  shown  by  Figure  4.6.  Ion  current  grows  at  all  drift  times  with  TCE 
concentration,  which  indicates  that  concentrations  in  the  range  0.1  to  1.25  ppmv  are  below 


Figure  4.6.  Ion  mobility  spectra  of  TCE  in  nitrogen  at  concentrations  0  ppmv,  a,  0.1  ppmv, 
b,  0.5  ppmv,  c,  0.75  ppmv,  d,  and  1.25  ppmv,  e. 
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1.25  ppmv  (spectram  e)  compared  with  that  between  0.5  ppmv  (spectrum  c)  and  0.75  ppmv 
indicates  an  approach  to  saturation.  This  is  confirmed  in  the  calibration  curve  for  TCE 
detection  displayed  in  Figure  4.7,  which  shows  that  integrals  of  the  chloride  signatures  or 
the  chloride  charge  collected  is  quite  linear  with  TCE  concentration  to  about  0.75  ppmv 
TCE,  sensitivity  3.7x10'*^  C-ppmv*^ 


Figure  4.7.  Calibration  curve  for  detection  of  TCE  vapor  in  nitrogen. 

The  aperture  grid  causes  significant  losses  of  ions  in  all  ion  mobility  spectrometers. 
Figure  4.8  contains  the  ion  mobility  spectrum  of  air  measured  in  normal  operation  and  the 
same  measured  with  the  aperture  grid  electrically  connected  to  the  anode  and  -300  or  -600 
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V  applied  to  the  repeller  electrode.  Comparison  of  the  spectra  shows  the  utility  of  the 
aperture  grid,  which  is  to  prevent  current  induction  in  the  anode  until  ions  enter  the  short 
space  between  it  and  the  aperture  grid.  In  the  absence  of  the  grid  spectra  consist  of 
continuous,  more  or  less  steady  current  that  persists  until  all  ions  reach  the  anode. 
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Figure  4.8.  Ion  mobility  spectrum  of  air,  a,  ion  current  observed  with  the  aperture  grid  and 
collector  electrode  connected  with  -300  V  applied  to  the  photocathode,  b,  and  ion  current 
observed  with  the  aperture  grid  and  collector  electrode  connected  with  -600  V  applied  to 
the  photocathode,  c. 


Total  charge  values  from  the  waveforms  are  1.15, 4.32,  and  10.00  pC  for  the  normal 
configuration,  anode  tied  to  aperture  grid  using  -300  V  photocathode  bias,  and  anode  tied 
to  aperture  grid  using  -600  V  bias,  respectively.  Since  the  electric  field  magnitude  in  the 
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normal  configuration  is  comparable  to  that  in  the  configuration  where  the  aperture  grid  and 
anode  are  connected  and  bias  voltage  is  -300  V,  approximately  150  V  cm'S  an  estimate  of 
ion  loss  to  the  aperture  grid  is  80%. 

The  other  result  shown  by  the  ion  loss  measurements  is  that  the  magnitude  of  the 
photocathode  bias  voltage  or  drift  electric  field  influences  photoelectron  yield  through  the 
extent  of  electron  back  diffusion  to  the  photocathode.  Doubling  the  bias  voltage  to  -600  V 
or  field  magnitude  to  300  V-cm‘^  (Figure  4.8  spectra  b  versus  c)  reduces  back  diffusion  and 
nearly  doubles  the  ion  charge  collected. 


Figure  4.9.  Electron  current  waveforms  at  electric  field  magnitudes  75  V-cm  ^  a,  150 
Vcm'\  b,  300  W  cm\  c,  and 500  d. 
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Support  for  this  result  is  obtained  from  direct  measurements  of  electron  production 
as  a  function  of  electric  field  magnitude.  Figure  4.9  shows  electron  waveforms  measured 


in  nitrogen  without  the  aperture  grid  or  pre-amplifier  using  2200  Q  oscilloscope  input 
impedance.  Electron  charge  collected  is  plotted  in  Figure  4.10  as  a  function  of  electric 
field  magnitude. 
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Electric  Field  Magnitude  (V  cm'^) 


Figure  4.10.  Electron  charge  collected  in  nitrogen  as  a  function  drift  field  magnitude. 
4.3.  Measurements  Using  Drift  Tube  with  Thin  Gold  Film  Photoemitter 


4.3.1.  Detection  of  TCE  and  PCE  vapors  using  the  drift  tube  IMS 
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The  PE-IMS  is  sensitive  to  TCE  and  PCE  vapors.  Ion  mobility  spectra  obtained 
from  several  concentrations  of  PCE  vapor,  shown  in  Figure  4. 1 1,  and  the  accompanying 
concentration  calibration  curve  shown  in  Figure  4.12  indicate  PCE  detectability  slightly 
below  10  ppbv.  Spectrum  e  of  Figure  4.1 1  measured  at  607  ppbv  PCE  shows  some 
reduction  of  current  at  drift  times  less  than  1  ms  that  may  be  attributed  to  detector 
saturation  while  the  calibration  curve  suggests  possible  saturation  below  200  ppbv  PCE. 
The  weakly  linear  initial  portion  of  the  calibration  curve  between  5  and  60  ppbv  PCE 
suggests  sensitivity  near  4.4x1 0'^^C-ppbv'*. 
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Figure  4.11.  Ion  mobility  spectra  of  chloride  ions  generated  from  PCE.  hi  the  figure,  a 
represents  the  background  spectrum  of  nitrogen  drift  gas  while  b,  c,  d,  and  e  represent 
spectra  obtained  at  4.63, 32.4, 236,  and  607  ppbv  PCE  in  nitrogen,  respectively. 
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Figure  4.12.  Concentration  calibration  curve  for  detection  of  PCE  vapor. 

Ion  mobility  spectra  for  TCE  vapor  shown  in  Figure  4.13  and  the  calibration  curve 
in  Figure  4.14  show  detection  of  TCE  at  as  low  as  139  ppbv.  From  the  spectra,  the  onset  of 
detector  saturation  appears  to  begin  at  TCE  concentration  near  400  ppbv.  The  sensitivity  to 
TCE,  based  only  on  the  first  two  points  of  the  calibration  curve  is  around  3x10'*^  C  ppbv'*. 
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Figure  4.13.  Ion  mobility  spectra  of  chloride  ions  generated  from  TCE.  In  the  figure,  a 
represents  the  background  spectmm  of  nitrogen  drift  gas  while  b,  c,  and  d,  represent  spectra 
obtained  at  139, 418,  and  697  ppbv  TCE  in  nitrogen,  respectively. 
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Figure  4.14.  Concentration  calibration  curve  for  detection  of  TCE  vapor. 

4.3.2.  Detection  of  TCE  in  the  presence  of  oxygen. 

Detection  of  trace  TCE  in  nitrogen  is  straightforward,  but  the  same  in  air  is  difficult 
due  to  the  magnitude  of  the  free  electron  signature.  The  20%  oxygen  content  of  air  easily 
saturates  the  detector,  capturing  all  free  electrons.  The  results  of  several  experiments 
conducted  in  Cells  A  and  B  not  detailed  here  in  which  detection  was  attempted  in  air 
showed  little  reproducible  change  in  the  oxygen  anion  signature  at  TCE  concentrations  less 
than  10  ppmv.  However,  other  results  from  these  cells  showed  that  if  oxygen  content  was 
lowered  below  saturation  (to  less  than  2%  by  volume),  the  detectors  regained  sensitivity  to 
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low  ppmv  concentrations  of  TCE  vapor.  Figures  4.15  and  4.16  show  ion  mobility  spectra 


Drift  Time  (ms) 


Figure  4.15.  Ion  mobility  spectra  of  0.67%  oxygen  in  nitrogen,  a,  and  0.67%  oxygen  in 
nitrogen  plus  1.25  ppmv  TCE,/. 

of  approximately  0.67%  by  volume  oxygen  in  nitrogen,  added  as  part  of  laboratory  air,  and 
subsequent  additions  of  TCE  to  that  mixture.  Figure  4.15  compares  the  spectra  of  0.67% 
oxygen  in  nitrogen  with  and  without  1.25  ppmv  TCE  and  Figure  4.16  portrays  the 
progression  of  the  ion  mobility  spectram  from  that  of  0.67%  oxygen  plus  0.14  ppmv  TCE 
to  0.67%  oxygen  plus  1.25  ppmv  TCE.  The  additions  of  TCE,  which  place  the  detector  in 
saturation,  increase  current  at  slow  drift  times  at  the  expense  of  fast  current  and  push  the 
drift  time  of  the  maximum  ion  current  from  about  3.5  ms  to  nearly  3.9  ms. 
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Figure  4.16.  Progression  of  the  ion  mobility  spectrum  of  0.67%  oxygen  in  nitrogen 
containing  0.14  ppmv  TCE  vapor,  b,  through  intermediate  concentrations  0.42,  0.70,  and 
0.98  ppmv  TCE  to  final  TCE  concentration  1.25  ppmv,/. 
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CHAPTERS 


CONCLUSION 

Unadorned  photoemissive  ion  mobility  detectors  without  amenities  common  in 
complete  IMS  units  such  as  counterflowing  drift  gas  and  elevated  temperature  can  ionize 
and  detect  chloride  ions  from  chlorinated  aliphatic  compounds  including  TCE  and  PCE. 
These  are  easily  detected  in  the  absence  of  other  electron-attaching  species  in  nitrogen  at 
ambient  temperature.  The  detection  limits  estimated  for  the  species  are  encouraging 
considering  that  other  chlorinateds  have  higher  electron  affinities  and  attach  electrons  more 
efficiently.  Detection  in  air  is  less  successful,  but  when  oxygen  concentration  is  reduced 
sufficiently,  ion  mobility  spectra  respond  noticeably  to  additions  of  chlorinated  vapor  in  a 
repeatable  fashion.  The  results  for  chlorinated  detection  in  the  presence  of  oxygen  suggest 
that  with  some  means  to  discriminate  against  oxygen,  detection  of  chlorinateds  in  air  at 
ambient  temperature  is  possible. 

Adding  a  counterflowing  drift  gas  could  increase  the  resolution  of  ion  mobility 
spectra  measured  with  the  photoemissive  ion  mobility  detectors.  Counterflowing  drift 
gases  limit  analyte  vapor  and  most  or  all  of  the  ionization  chemistry  to  the  space 
immediately  surrounding  the  ionization  source  and  provide  a  slab  of  clean  gas  for  product 
ions  to  drift  through  to  the  collector.  Ideally  the  drift  gas  prevents  further  electron  transfer 
and  clustering  reactions  involving  product  ions  which  can  alter  drift  times  and  peak  widths. 
For  IMS  with  photoemissive  sources,  an  electron  transparent  drift  gas  such  as  nitrogen 
would  eliminate  downfield  electron  capture  that  produces  leading  edge  shoulders  on  ion 
mobility  signatures. 
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Unfortunately,  the  addition  of  counterflowing  drift  gas  would  also  decrease 
sensitivity.  Heating  the  detectors  may  provide  instant  improvements  to  detection  of 
chlorinateds  in  air  without  sacrificing  the  sensitivity  enhancement  attained  by  dispersing 
analyte  throughout  the  drift  region.  In  ion  mobility  spectrometry  one  benefit  of  heating  is 
to  reduce  clustering  that  affects  ion  drift  times  and  broadens  ion  signatures.  However,  the 
IMS  and  the  oxygen-sensitized  BCD  have  shown  that  enhanced  ionization  of  chlorinated 
vapors  is  another  important  benefit  of  elevated  temperature.  In  both  cases  enhancement 
results  from  improved  electron  transfer  from  oxygen  anions  to  chlorinated  species.  The 
oxygen-sensitized  BCD,  which  uses  oxygen  concentrations  of  up  to  a  few  percent  by 
volume  to  improve  sensitivity  to  various  vapors  with  positive  electron  affinity,  operates  at 
elevated  temperatures  with  the  specific  intent  to  make  collisional  detachment  of  electrons 
from  oxygen  anions  competitive  with  associative  electron  attachment  by  oxygen  molecules. 
Heightened  sensitivity  to  chlorinateds  in  air  at  elevated  temperature  could  also  mitigate  the 
loss  of  sensitivity  caused  by  the  use  of  counterflowing  drift  gas. 

Although  the  mobilities  of  molecular  anions  can  be  used  to  identify  analytes, 
identification  of  specific  analytes  from  fragment  anions  is  difficult  or  impossible  because 
identical  fragments  can  be  generated  from  different  molecules.  Therefore  identification  of 
specific  species  in  a  mixture  of  chlorinated  aliphatic  compounds  is  impossible  with  ion 
mobility  spectrometry,  as  all  species  dissociate  to  chloride  ions.  Despite  this  limitation, 
fragment  anions  can  be  analytically  useful  if  the  IMS  is  used  as  a  class-specific  detector,  in 
which  the  fragment  ion  mobility  signature  becomes  evidence  that  at  least  one  member  of  a 
group  of  substances  is  present  in  the  sample.  Fragment  ions  are  also  acceptable  when  the 
IMS  is  used  as  a  chromatography  detector,  where  analytes  arrive  individually.  Variations 
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of  the  photoemissive  ion  mobility  instramentation  described,  modified  to  reduce  internal 
volume  and  accept  continuous  sample  flow,  could  serve  capably  as  gas  chromatography 
detectors  for  vapors  that  have  positive  electron  affinity. 
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